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For the future of optical technology as well as for fundamental physics ex-
periments, it is increasingly important to make use of quantum effects. One
of the most fundamental manifestations of quantum effects in optics is the
existence of single photons, i.e., single particles of light. While any stream
of light consists of photons, the creation of a regulated photon stream with a
defined discrete number of quanta is highly demanding. A specific case is the
generation of a stream of single photons by single quantum emitters.
In this thesis, one of such single photon emitters, the nitrogen vacancy centre
(NV centre) in diamond, will be examined. A special challenge for working with
defect centres in diamond is addressing them and their controlled coupling to
photonic structures. Here, by using different hybrid approaches, NV centres in
diamond nanoparticles are integrated into photonic structures. Firstly, using a
pick-and-place nanomanipulation technique with an atomic force microscope,
a single NV centre is coupled to a photonic crystal cavity and an optical fibre.
Coupling to the photonic crystal cavity results in an enhancement of the NV
centre’s zero phonon line by a factor of 12.1 and coupling to the fibre yields
a directly coupled single photon source with an effective numerical aperture
of 0.82. By coupling to plasmonic waveguides, the signature of single surface
plasmon polaritons is found. Secondly, by development of a hybrid material,
another approach is pursed. Here, instead of placing the nanodiamonds on the
structures of interest, they are inside the material from which the structures
are built. With the technique of two-photon direct laser writing, on-chip inte-
gration and combination of waveguides, resonators, and single photon emitters
is demonstrated.
To guide the way to more efficient extraction of photons from such structures,
numerical calculations on elliptical solid immersion lenses and of a photon to
plasmon coupler are performed. For the same purpose, parabolic microan-
tennas are employed resulting in collected photon rates of about two million
photons per second from a single NV centre.
In order to learn more on the dynamics of NV centre in nanodiamonds and
find ways for improvements, the dynamics of the ultra-fast spectral diffusion
of the NV centre’s zero phonon line are investigated using a photon correlation
interferometer
In addition to techniques for the fabrication of photonic and plasmonic struc-
tures, also methods for their characterisation are needed. For this, it can be
exploited that the NV centre also is not only a single photon emitter, but can
also be employed as a sensor. Here, the NV centre is used to measure the
local density of optical states in a scanning probe experiment, establishing the




Sowohl für die Zukunft optischer Technologien als auch für physikalische
Grundlagenexperimente ist es zunehmend wichtig, Quanteneffekte zu benut-
zen. Einer der fundamentalsten Quanteneffekte in der Optik ist die Existenz
des Photons, das heißt, eines einzelnen Lichtpartikels. Während alles Licht aus
Photonen besteht, ist es überaus fordernd einen geregelten Fluss von Photonen
mit einer definierten und diskreten Photonenzahl herzustellen. Ein Spezialfall
ist die Herstellung eines Flusses aus einzelnen Photonen durch Einzelphoto-
nenemitter. In dieser Arbeit wird das Stickstoff-Fehlstellenzentrum (NV Zen-
trum) in Diamant als ein solcher Einzelphotonenemitter untersucht. Eine be-
sondere Herausforderung beim Arbeiten mit Defektzentren in Diamantnano-
partikeln ist ihre Adressierung und ihre kontrollierte Kopplung an photonische
Strukturen. Durch Benutzung eines hybriden Ansatzes werden hier NV Zentren
in Diamantnanopartikeln in photonische Strukturen integriert. Zuerst wird eine
aufnehmen-und-ablegen-Nanomanipulationstechnik mittels eines Rasterkraft-
mikroskops verwendet um einzelne NV Zentren an eine photonische Kristallka-
vität und eine optische Faser zu koppeln. Durch Kopplung an die photonische
Kristallkavität wird die Emission der Nullphononenlinie des NV Zentrums um
den Faktor 12.1 erhöht und durch Kopplung an die optische Faser entsteht
eine direkt gekoppelte Einzelphotonenquelle mit einer effektiven numerischen
Apertur von 0.82. Durch Kopplung an plamonische Wellenleiter können ein-
zelne Oberflächenplasmon-Polaritonen nachgewiesen werden. Zweitens wird ein
anderer Ansatz, die Entwicklung eines hybriden Materials, verfolgt. Hier sind
die Nanodiamanten, anstatt sie auf die Strukturen von Interesse zu legen, von
Anfang in dem Material enthalten, aus dem die Strukturen hergestellt werden.
Mittels direktem Zweiphotonen-Laserschreiben ist es dann möglich, Kombina-
tionen aus chipintegrierten Wellenleitern, Resonatoren und Einzelphotonene-
mittern zu zeigen.
Um Wege zur effizienteren Extraktion von Photonen aus solchen Struktu-
ren aufzuzeigen, wurden numerische Berechnungen von elliptischen Festkör-
perimmersionlinsen und eines Photonik-zu-Plamonik- Konverters ausgeführt.
Zum selben Zweck werden auch parabolische Mikroantennen verwendet, was
zu Photonenraten von circa zwei Millionen pro Sekunde von einzelnen NV
Zentren führt.
Um mehr über die Dynamik von NV Zentren in Nanodiamant zu erfahren
und Wege zu ihrer Verbesserung zu finden, wird die Dynamik der Nullphono-
nenlinie des NV Zentrums mittels eines Photonenkorrelationsinterferometers
untersucht.
Zusätzlich zu Techniken zur Herstellung photonischer und plasmonischer
Strukturen werden auch Methoden zu ihrer Charakterisierung benötigt. Hier
für kann es ausgenutzt werden, dass das NV Zentrum weiter nicht nur ein Ein-
zelphotonenemitters ist, sondern es ebenso als Sensor verwendet werden kann.
Das NV Zentrum wird hier verwendet, um die lokale optische Zustandsdichte
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in einem Rastersondenverfahren zu messen, was die Technik der dreidimensio-
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At the latest with the invention of the transistor, electronic devices began to enter
basically all areas of science, industry, and daily life. Today, technology is heavily
based on electronics, but over the last decades devices employing optics along with
electronics or even working purely optical are increasingly developed and used.
This is mainly due to the following advantages optics has: Light is a versatile
carrier of information, which can be generated, modulated, and detected fast and
efficiently. The electromagnetic spectrum offers a great bandwidth which can be
used. Furthermore, optical devices have the potential to work more power efficient
than their electronic counterparts.
Nearly all of this successful technology is based on – and also limited by – the
laws of classical physics. In principle, a much larger variety of physical phenomena
can be exploited when leaving the realm of classical physics and entering the world
of quantum mechanics. This offers great advantages, but is also very challeng-
ing. Existing techniques have to be improved and new ones need to be developed
when trying to deal with fragile quantum states in a controlled way. Usually, when
the size of objects get bigger, they tend to follow the laws of classical physics, so
quantum mechanical objects typically have very small sizes on the nanometre scale.
Recent progress in nanotechnology enables working with such tiny objects. Nan-
otechnology makes it possible to efficiently address these quantum objects using
electronics or light, so that first quantum devices can be built and used.
The main promises of quantum – and especially quantum optical – technology
lie in the following fields:
In the field of Quantum Information Processing [1], the laws of quantum me-
chanics are employed for the purpose of communication and computation. Quantum
communication is a promising way of exchanging secret information without any
possibilities for an eavesdropper to successfully read the message undetected [2].
This security comes directly from the laws of quantum mechanics – the no cloning
theorem [3, 4] hinders an eavesdropper to read out data without altering the in-
formation. In quantum computing [5, 6], an advantage over classical computing
can be gained by working with quantum mechanical systems. This can be achieved
using so-called qbits (quantum bits), two state systems which, in contrast to classi-
cal bits, can be in quantum superposition states. A promising implementation for
1
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this is to use photons as qbits [7]. The main experimental challenges in this field
lie in the reliable generation, read-out, and protection against decoherence of the
quantum states used.
In the field of Quantum Metrology, quantum mechanics is used to measure
signals with a precision beyond the limits set to classical physics [8–10]. To achieve
this, states which are not existing in classical physics, such as squeezed states [11, 12]
or NOON-states [13], are used in the sensing apparatus. Today, besides proof of
principle demonstrations in laboratory [14], quantum sensing is successfully used
to enhance the precision of metrology experiments, such as interferometers for the
search for gravitational waves [15]. The experimental challenges here are again, as
in the case of quantum information processing, reliable generation, read-out, and
protection against decoherence.
The field of Quantum Engineering [16], which is understood here as engineering
of coherent quantum systems, includes, but is not limited to the two above fields.
Quantum effects can be used to enhance the efficiency of numerous devices with
respect to their purely classical counterparts, like solar cells [17]. Also, quantum
systems can be used in another way: They can be used to obtain (quantum and
classical) information about their environment, what can be used in scanning probe
approaches to understand and improve devices even on the quantum level. This
makes understanding and applying of quantum mechanics increasingly important
in engineering.
This thesis deals with different aspects applicable in the above fields, such as single
photon generation in single photon sources, on-chip integration of quantum net-
works, characterisation of quantum emitters and scanning probe microscopy using
quantum systems. New technologies and devices for quantum science are developed
and applied. In particular, the nitrogen vacancy centre in diamond, which can serve
as a solid-state artificial atom, is employed as a model system to demonstrate these
technologies.




In Chapter 2, the concept of photons in a quantum
mechanical sense, as it will be used in the other chap-
ters, is introduced and some of the photons’ properties
are explained. Then, photon indistinguishability is introduced and coupling of
light and matter is examined in the framework of quantum cavity electrodynamics.
For practical experiments with single photons, techniques for their detection and
preparation, i.e., single photon emitters and detection schemes, are shown.
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Chapter 3 deals with the nitrogen vacancy centre (NV centre) in
diamond. The NV centre is an optical emitter capable of emitting
single photons and will be used throughout this thesis. Its optical as well as its
spin properties are outlined and special attention is paid on the case of NV centres
in nanodiamonds. These are well suited for integration into other nanoscale struc-
tures, however, their optical properties are degraded compared to bulk diamond.
Hence, the behaviour of their zero phonon line is studied in an experiment on its
ultra-fast spectral diffusion.
In Chapter 4, the problem of single photon collection is
investigated. Collecting light from and optically addressing of
single photon emitters like the NV centre requires microscopy,
whose basic ideas and techniques are introduced. An important property of single
photon sources is that they ideally always emit a stream of single photons without
gaps, which leads to the requirement of having a high photon collection efficiency.
Ways to improve this efficiency are shown with a special focus on a novel device for
this task: elliptical solid immersion lenses.
Chapter 5 introduces the atomic force microscope (AFM) and
its application in fabrication of quantum systems from nanopar-
ticles. An AFM can be used not only to measure topography,
but also to manipulate the position of nanoparticles in so called nanomanipulation
processes. Besides pushing the particles with the microscope, it is reported on a
technique of picking up pre-characterised nanoparticles and placing them on micro-
and nanostructures in a controlled way.
Chapter 6 deals with precisely fabricated hybrid sys-
tems, i.e., systems made from different material systems in
order to get enhanced functionality. The hybrid systems
shown here are assembled using the pick-and-place method introduced in Chap-
ter 5. The first structure reported on is a nanodiamond with single NV centre
coupled to a photonic crystal cavity in order to enhance its zero phonon line. The
second system reported on is a directly fibre integrated single photon source made
from a nanodiamond placed on a photonic crystal fibre.
3
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In Chapter 7, another approach with different properties to
build hybrid systems is shown. Instead of nanoassembling the
systems like in Chapter 6, the systems are built from a compos-
ite material. This material already consists of the structures’
constituents from the start. By developing a hybrid material made from nanodi-
amonds and a photoresist, three-dimensional hybrid structures of nearly arbitrary
shape can be built by two-photon direct laser-writing. Using this material, on-chip
photonic circuits are built. These circuits are capable of generating single photons
and guiding of light. Optical resonators for enhanced light matter interaction and
resonant filtering can be integrated. Also, the single photon collection problem of
Chapter 4 is tackled with the hybrid material by building parabolic antennas to
redirect emitted photons.
In Chapter 8, surface plasmon polaritons (SPPs) and
their properties are introduced theoretically and investi-
gated experimentally. SPPs are promising candidates to
enhance light matter interaction and for guiding of electromagnetic excitations at
the nanoscale. The generation of single propagating SPPs is shown and a coupler
from a dielectric waveguide to SPPs is designed and numerically investigated.
Chapter 9 introduces a way to measure the electromagnetic
properties of structures on the nanoscale using single quantum
emitters as probes. After theoretical pre-considerations, an ex-
periment of manipulating the position of a single NV centre in order to map the
local density of optical states (LDOS) at a plasmonic nanoantenna is demonstrated.
Then, the technique of quantum emitter fluorescence lifetime imaging (QEFLIM)
is introduced. QEFLIM, as a three-dimensional scanning probe technique, is used
to map the LDOS in the vicinity of silver nanowires.
In the last chapter, Chapter 10, the experiments and techniques introduced here
are reviewed in a summary and an outlook is given.
4
2. Single Photons
Single photons and especially single photon emitters are a central topic of this the-
sis. Hence, in this chapter, a short introduction to theory and experimental aspects
of single photons is given. After introducing the general concept of a photon in
Section 2.1, the theory of light matter interaction in the sense of cavity electro-
dynamics is introduced in Section 2.2. In Section 2.4, central aspects of single
photon detection are discussed before in Section 2.5 emitters of single photons are
introduced.
2.1. Photons and Non-Classical Light
In this section, the concept of a photon is introduced and the electromagnetic field
is quantised. A part of this section deals with photon statistics, which is a very
important property of light fields that will be used in many instances in this thesis.
2.1.1. The Photon
After the derivation of a formula describing black body radiation by Planck in
the year 1900 [18] and the explanation of the photoelectric effect by Einstein in
1905 [19], both making use of quantisation, it was Lewis in 1926 [20] who coined
the word photon. Even though its original meaning was slightly different, today
photons are understood as the quanta of excitation of the quantised electromagnetic
field with an energy E of
E = hν, (2.1)
where h is Planck’s constant and ν is the photon’s frequency [21]. Although many
phenomena in electrodynamics can be explained using classical Maxwell’s equations,
the concept of the photon can be used for their description, either for didactic
reasons or for simplicity. In contrast, other important phenomena, like photon
antibunching (see Section 2.1.3), cannot be described classically and the concept
of a photon is mandatory for their description. A short derivation on how the
electromagnetic fields can be quantised is given in the following.
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2.1.2. Quantisation of Electromagnetic Fields
Here, for quantising the electromagnetic field, an approach using directly the energy
of the electromagnetic field is used [13, 22]. The energy confined in an electromag-
netic field is given by [23]:
W = H = C2 × (E
2 + c2B2), (2.2)
with C = V ε0 being a constant, ε0 the permittivity of vacuum, and V an arbitrary
Volume. This is a representation of the classical Hamiltonian H.




ci(E2i + c2B2i ), (2.3)
with the summation running over all modes and polarisations and the expansion
coefficients ci . For simplicity, in the following only one mode is considered:
H = C2 (E
2 + c2B2) (2.4)
and time harmonic fields as given from the wave solutions of the Maxwell’s equa-
tions, are assumed:
E = E0cos(ωt+ φ), (2.5)
B = cB0sin(ωt+ φ) = E0sin(ωt+ φ), (2.6)
where ω is the frequency, φ is the phase, and the equal distribution of energy
between electric and magnetic field has been used [23].











This leads to a Hamiltonian of Form
H = ω2 (P
2 +Q2), (2.8)




= ωP, Ṗ = −∂H
∂Q
= −ωQ, (2.9)
which can be easily seen from Equations 2.5, 2.6 and 2.7.
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by the commutator times −i/h̄ yields the operators Q̂ and P̂ with the commutation
relation
[Q̂, P̂ ] = ih̄. (2.11)
Introduction of ladder operators â and â† following
â = 1√
2h̄
(Q̂+ iP̂ ); â† = 1√
2h̄
(Q̂− iP̂ ) (2.12)
leads to a new representation of the Hamiltonian:
Ĥ = h̄ω(â†â+ 12). (2.13)
In this representation, it is obvious that the Hamiltonian of quantised fields is
equivalent to a quantum mechanical harmonic oscillator [25] and all of its known
results can be applied. The energy eigenstates to Equation 2.13 are so called number
states or Fock states |n〉 satisfying [26]
â†â |n〉 = n |n〉 . (2.14)
More information on the properties and consequences of Equation 2.13 can for
example be found in Walls and Milburn [26]. From all these properties, the photon
statistics, which is a central part of this thesis, is presented in the next subsection.
2.1.3. Photon Statistics
Light, i.e., a stream of photons, is not only characterised by an overall intensity, but
also by its temporal fluctuations. These fluctuations can be described by looking
at the temporal statistics of the arrival times of the photons. Figure 2.1 shows the
distribution of the photon numbers in a given time interval for three kinds of light
sources: a thermal light source like an incandescent light bulb in (a), a coherent
light source like a laser in (b) and a perfect single photon source in (c). For a given
average photon number n̄, the probabilities Pn to find n photons in a measurement
7
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Figure 2.1.: Photon number distributions. For an average photon number n̄ = 1
(black) and n̄ = 5 (grey) the probability to find a certain photon number in a
measurement is shown. In (a) for thermal light, in (b) for a Poissonian source like
a laser and in (c) for a single photon source. The curves for n̄ = 5 are, except in





1+n̄n+1 , for thermal light,
e−n̄ n̄
n
n! , for coherent light,
0 for n 6= n̄ for a number state.
1 for n = n̄
(2.15)
As can be seen in Equation 2.15, the photon numbers of thermal light sources
are described by a Bose-Einstein distribution and for coherent light sources by a
Poissonian distribution. Both of these distributions can be derived using classical
arguments [21]. In contrast, there is no classical derivation for the case of single
photon sources, hence, they emit so called non-classical light.
One way to distinguish what kind statistics is present is to evaluate the intensity
autocorrelation function (second order autocorrelation function of the electric field)
g(2)(τ) of the emitted light. This function is defined as:
g(2)(τ) :=
〈











with the intensity operator Î(t) = â†â, the time difference τ , :: indicating normal
ordering of the operators, and 〈...〉 indicating time averaging [27]. Evaluation of
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Equation 2.16 for a time difference of τ = 0 leads to
g(2)(0) =

2, for thermal light,
1, for coherent light,
1− 1n , for a n-photon number state,
(2.17)
what can be used as a criterion for determining the source type. The actual in-
terpretation of this value is that if g(2)(0) > 1, there is an increased probability of
detecting a second photon directly after the first detection event, so called photon
bunching. For g(2)(0) = 1 the probability for detecting a second photon is indepen-
dent on the time difference to previous events and for g(2)(0) < 1 the probability
for photon detection after a first event is reduced, what is called antibunching.
2.2. Cavity Electrodynamics
In this section, basic properties of the interaction between emitters of light and
optical cavities will be discussed. This interaction leads to a variety of phenomena
which can be exploited in order to tailor the properties of the emitter and the light
it sends out. More detailed descriptions can be found for example in [28] and [13].
2.2.1. Pseudo-Spin Description of a Two Level System
A two level system can be described in analogy to a spin 12 particle in a magnetic
field [26]. The two states of the spins are then in a one-to-one correspondence with
the two states of the two level system. This makes it convenient to describe the

















which leads to raising and lowering operators σ̂+ and σ̂− given by:
σ̂+ = σ̂x + iσ̂y, σ̂− = σ̂x − iσ̂y. (2.19)
This is in analogy to the ladder operators introduced earlier in Equation 2.12. The








To describe interaction between an emitter and a light field, the emitter is modelled
as a two level system and the light field is treated as a quantum mechanical harmonic
oscillator (cf. Equation 2.13). The interaction of emitter and field is given by [13]:
ĤI = h̄λ(σ̂+ + σ̂−)(â+ â†), (2.21)
with λ being the coupling constant. with a light field of frequency ω, this leads to
a full Hamiltonian of:
Ĥ = 12 h̄ω0σ̂z + h̄ωσ̂z + h̄λ(σ̂
+ + σ̂−)(â+ â†). (2.22)
Application of the so called rotating wave approximation (RWA), where operator
products oscillating with ω0 + ω are assumed to average out and only keeping the
difference terms leads to the Jaynes-Cummings Hamiltonian ĤJC [13]:
ĤJC =
1
2 h̄ω0σ̂z + h̄ωσ̂z + h̄λ(σ̂
+â+ σ̂−â†). (2.23)
2.2.3. Cavity-Emitter Coupling
Knowing the interaction Hamiltonian ĤI of emitter and light field, the coupled
system of emitter and cavity can be investigated. With a single excitation, the
system can be in the states |1〉 = |e〉 |0〉 and |2〉 = |g〉 |1〉, where on the right hand
side the first ket notes the emitters ground |g〉 and excited state |e〉 and the second
ket the state of the cavity being empty |0〉 and occupied by a photon |1〉. To allow
the excitation to leave the system, a third state |3〉 = |g〉 |0〉 is needed. For this









†âρ̂+ ρ̂â†â) + κâρ̂â†, (2.24)
where κ = ω0/Q with the quality factor of the cavity Q. The quality factor is the
ratio of the cavity’s resonance frequency and its linewidth. On resonance (ω0 = ω),
for the elements of the density operator ρij = 〈i| ρ̂ |j〉 this is equivalent to the
following differential equations, the so called one photon Bloch equations [13]:
ρ̇11 =
i























1 2 3 4 50 1 2 3 4 50 1 2 3 4 50
free space strong coupling weak coupling
time /Ω0π time /Ω0π
Figure 2.2.: Regimes of cavity quantum electrodynamics. In (a) the temporal
evolution of the population of an initially exited emitter in free space is sketched.
(b) shows the curve for strong coupling of the emitter to a cavity and (c) shows the
case of weak coupling. In the weak coupling regime, the curve is an exponential,
but with a higher decay rate than in the free space case.










with Ω0 = 2λ being the vacuum Rabi frequency. As an additional constraint, the
trace of the density matrix has to be one:
ρ11 + ρ22 + ρ33 = 1. (2.29)
With the initial condition ρ11(0) = 1, i.e., an initial excitation of the emitter, solving



























Equation 2.30 can be simplified by approximating for different ratios of damping
κ and strength of the coherent dynamics expressed in terms of the vacuum Rabi
frequency Ω0. Two regimes are found:
• For κ  Ω0/2 the system is in the strong coupling regime. The coherent
dynamics is much stronger than the damping, leading to (damped) oscillations
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−κt2 [1 + cos(Ω0t)] . (2.31)
The oscillations can be interpreted as a photon being repeatedly emitted
into the cavity and subsequently getting absorbed by the emitter, which is
after emission in its ground state. Due to small, but present, damping the
amplitude of the oscillations gets smaller over time.





This is an exponential decay, analogous to the case without a cavity, but
faster. The factor, by which the the decay is faster than the free space case,
is called the Purcell factor F [30]. It is given by [29]:






where λc is the cavity’s resonance wavelength, F(r) is a form factor accounting
for the emitters positions, Veff is the effective mode volume, and eD is the
unit vector in the emitter’s dipole’s direction.
Figure 2.2 shows the different regimes in comparison to the free space decay of the
emitter. In this thesis, all experiments are carried out in the weak coupling regime.
2.3. Photon Indistinguishability
In the previous section, the interaction of light and matter was examined. Another
important interaction in quantum optics is the interaction of two photons. This
interaction can either be mediated by matter or, in contradiction to everyday life’s
experience, take place between the photons directly. While two classical macro-
scopic beams of light can cross another, this is not necessarily the case in quantum
optics. In quantum optics, due to quantum interference, photon-photon interaction
is possible [31]. The most prominent example of such an interaction is the Hong-
Ou-Mandel (HOM) effect [32], where two indistinguishable photons interact at a
beamsplitter in such a way, that they always exit one of the output ports bunched
together.
The underlying reason for this bunching behaviour is explained in the follow-
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Figure 2.3.: Hong-Ou-Mandel effect. In (a), a sketch of a beamsplitter (dotted)
and its input and output modes (1-4) is shown. (b-e) show four different situations
for photons being reflected and/or transmitted. The situations in (c) and (d) in-
terfere destructively, as can be seen from Equation 2.36. This leads to a bunching
behaviour of two single input photons after the beamsplitter.
transformation of the two incoming modes (denoted as [0,1]) to the output modes
(denoted as [2,3]) is needed. Note that a beamsplitter in quantum optics always
needs to be described having two input ports [13]. For a beamsplitter consisting of








(iâ0 + â1), (2.35)
where âk denotes the annihilation operator of mode k. For the HOM effect, where
the photons enter the beamsplitter through different ports, the input state at the




1 |0〉0 |0〉1. After the action of the
beamsplitter, the operators for modes 0 and 1 are replaced by the operators for



















3) |0〉2 |0〉3 . (2.36)
As can be seen, the â†2â
†
3 terms, which would lead to one photon in each output
mode have different signs and thus cancel out, what leads to:
|1〉0 |1〉1 →
i
2(|2〉2 |0〉3 + |0〉2 |2〉3). (2.37)
Only states where the two photons are in the same mode exit the beamsplitter.
Figure 2.3 shows the four terms in Equation 2.36. In the HOM effect, the situations
in (c) and (d) interfere destructively.
The HOM effect is one of the main pillars in linear optics quantum computing
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(LOQC) [33]. It forms the basis for the Knill-Laflamme-Milburn scheme, a quantum
computing scheme which only needs linear optics, single photons, and photon de-
tectors [34]. Using the HOM effect, entanglement has been demonstrated between
two remote nitrogen vacancy centres in diamond (see Chapter 3) [35]. These possi-
bilities have lead to a huge interest in achieving two-photon quantum interference
and have triggered many works aiming at providing photon sources for this.
For the HOM effect to show up, besides temporal and spatial mode matching,
which can easily be achieved by spatial filtering and optical delay lines, the main
requirement is photon indistinguishability, i.e., that an exchange of the two photons
does not alter the state. Therefore, production of a defined number of indistinguish-
able photons is a very important task for quantum optical photon sources.
In Section 2.5, different emitters of single photons are introduced. The degree
of indistinguishability of the photons they emit depends on many different pa-
rameters, and effects like spectral diffusion (see Section 3.6) can even destroy the
indistinguishability of subsequent photons from the same emitter. Another source
of indistinguishable photons are photon pair sources based on parametric fluores-
cence [36], which can be able to produce two photons at the same time, which have
exactly the same properties [32, 37].
When thinking of future extended quantum communications networks [38], com-
patibility of different kinds of sources becomes an issue. For this, quantum inter-
ference of photons from dissimilar sources in need. Semonstrations of this can be
found in [39, 40]. dissimilar sources in need. Semonstrations of this can be found
in [39, 40].
2.4. Measurement of Single Photons
In working with single photons, techniques to not only detect photons, but also to
measure their temporal behaviour are essential. Here, some of these techniques,
i.e., time correlated single photon counting and correlation measurements, are in-
troduced. An overview of single photon detectors for quantum photonics, which
are not covered here, can be found in Reference [41].
2.4.1. Time Correlated Single Photon Counting
One technique to measure the temporal properties of photon emitters is time cor-
related single photon counting (TCSPC) [42]. It uses single photon detectors and
fast time measurement electronics to measure the arrival time of photons down to
the picosecond timescale. A pulsed source excites the emitter and the arrival time
of the subsequently emitted photons relative to the excitation pulses is measured.
Since single photon counters are used and the electronics normally can only detect
one event per cycle, care has to be taken that the probability of having two photons
14
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Figure 2.4.: Time correlated single photon counting. (a) shows the real decay
curve of an emitter. (b) shows the distribution of events for the periods 1 to n and
(c) shows the reconstructed decay curve, i.e., a histogram of this events.
in one cycle is practically zero, because a second photon can not be detected, what
introduces an error. Modern electronics can circumvent this problem by having
very short dead times and the ability to detect multiple events per cycle. A his-
togram of the inter-period arrival times of the individual photons now gives the
overall decay behaviour of the emitter (see Figure 2.4).
An extension of this is the time tagged time correlated single photon counting
(TTTCSPC, also called time tagged time resolved, TTTR) where for each indi-
vidual photon not only the arrival time relative to the excitation pulses is stored,
but the absolute arrival time with respect to the start of the measurement. This
allows for more comprehensive analysis of the data obtained, for example time gat-
ing in post processing, as used in Section 3.6 or even techniques using gating and





















Figure 2.5.: Autocorrelation measurement. (a) shows a Hanbury Brown and Twiss
setup. (b) is a sketch of an antibunched signal electronically delayed to compensate
for dead times in the setup.
2.4.2. Measurement of g(2)(τ)
For the experimental determination of the second order correlation function g(2)(τ),
in principle one has to measure all the arrival times of the incoming photons and
calculate their autocorrelation function. However, this is a very demanding task.
With commonly used photodetectors, like avalanche photo diodes (APDs) or photo-
multiplier tubes (PMTs), the main limitation is the dead time of either the detector
itself or of the timing electronics. Therefore, a so called Hanbury Brown and Twiss
(HBT) setup [43] is used. A sketch of this setup can be found in Figure 2.5 (a). In
this setup, the beam is split by a beamsplitter and sent to two detectors in order to
circumvent the detector dead time. One detector is used to start and one is used to
stop the time measurement. Further, a delay in the electronic signal of the detector
connected to the stop compensates the electronics’s dead time by shifting the zero
delay time of the optical part towards the positive time axis of the electronic part
(see Figure 2.5 (b)). It should be noted that an HBT setup only approximates the
real g(2)(τ) because only photon pairs hitting the start detector with one photon
and the stop directly afterwards are recorded leading to a loss of 3/4 of the events
and an error for longer correlation times. Also, this approximation is only valid
when the probability to detect the individual photons is low. Then, correlations
among the photons do not influence the measurement in an unwanted way, since
their contribution to the detection probability is negligible.
2.5. Single Photon Emitters
Classical light, such as light from incandescent light bulbs (thermal light, Fig-
ure 2.1 (a)) and lasers (coherent light, Figure 2.1 (b)), is easily available and used
in everyday life. For non-classical light this is not the case, since the required
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Figure 2.6.: Single photon emission. (a) Sketch of a deterministic single pho-
ton emitter. It is excited, what, for example due to Coulomb interaction or the
Pauli principle [45], leads to one single excitation in the system. This excitation
subsequently spontaneously decays and a single photon is emitted. (b) Sketch of
a probabilistic source. A correlated photon pair is generated, e.g., by parametric
fluorescence [36]. One of the photons is detected to herald the remaining single
photon.
technology is still in its infancy. Also, generation (and measurement) of single pho-
tons today often requires special equipment and is in most cases only feasible in a
laboratory environment. Figure 2.6 sketches the basic working principle of single
photon sources. Either a single excitation is used to create a single photon (Fig-
ure 2.6 (a)) or correlated photons are created, with one being detected to herald
the other (Figure 2.6 (b)) [44]. Note that the so called heralded single photons are
not single photons in a strict sense, since they are never in the corresponding pure
Fock state.
In the following, an overview of the most common single photon emitters is given.
More detailed description of single photon emitters are given by Lounis et al. [46]
and Eisaman et al. [47].
2.5.1. Atoms
Neutral atoms can be used as single photon emitters [48, 49] and antibunching has
been observed for the first time on a beam of Na atoms [48]. In more advanced
schemes aiming at high rates of single photon generation, the atoms are cooled by
a laser [50, 51] in a magneto optical trap [52]. Subsequently they fall through a
high finesse cavity so one can get single photons out, but only when there is exactly
one atom inside the cavity. This is a statistical process resulting in time spans with
single photon emission (one atom present), without emission (no atom present) or
multiphoton emission (more than one atom). This can be overcome by trapping a
single atom in a dipole trap [53–55], where it is possible to hold the atom on the
timescale of several seconds.
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Figure 2.7.: Indistinguishable photons from atoms. (a) shows the setup used by
Legero et al. [56] to produce and analyse indistinguishable photons from atoms.
Atoms are first trapped in a magneto optical trap. Then, they fall through an
optical cavity, where laser light triggers the emission of single photons, if there is
only one atom in the cavity. Subsequently, the single photons are sent through
an interferometer with single photon detectors at both output ports. (b) shows
the measured coincidences with one interferometer arm blocked (solid line), where
a pronounced antibunching dip is visible. If the arm is open, but the arms are
polarised differently (dotted line), the depth of the dip is reduced to about 0.5
(cf. Equation 2.17). (c) shows the coincidences for both arms open for parallel
and perpendicular polarisations. For parallel polarization, the coincidences are
suppressed at zero time delay due to the Hong-Ou-Mandel effect (see Section 2.3).
(adapted from [56])
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Figure 2.8.: Single photons from molecules. (a) setup used by Lounis et al. [59]
to measure single photon emission from molecules at room temperature. A con-
focal microscope (see Section 4.1) is used to excite the molecules and collect the
light, which is analysed by a HBT correlator. (b) is a 10 µm by 10 µm confocal
micrograph of single terrylene molecules. (c) shows a lifetime histogram of such a
molecule acquired by TCSPC. In (d), the autocorrelation function as acquired with
the HBT correlator is shown. The peak at zero time delay is heavily suppressed,
indicating single photon emission from the molecule. (adapted from [59])
Ionised atoms have the advantage that they can be held in radio frequency traps
due to their charge [57]. In this way, it can be assured that there is always one single
ion emitting single photons. Also, it is possible to implement various miniaturised
ion traps on a semiconductor chip [58]. With today’s semiconductor fabrication
techniques, this could open a way for implementing many (interacting) single pho-
ton emitters in a small volume.
Photons emitted by atoms usually have small linewidths and are indistinguish-
able [56] – very useful features for most quantum optics applications. A measure-
ment on the indistinguishability of photons emitted by atoms is shown in Figure 2.7.
Major disadvantaged of atoms as single photon emitters are the complicated laser
systems and ultra-high vacuum apparatuses needed, which easily can fill up a whole
laboratory. Also, for many ions the optical transitions lie in the ultraviolet spectral
range [47]. This makes the optical elements expensive and hinders effective use of
optical fibres due to their high absorption at these wavelengths.
2.5.2. Molecules
Single molecules are capable of emitting single photons at cryogenic tempera-
tures [60] as well as at room temperature [59, 61]. Single photon emission was
first demonstrated by molecules embedded in a solid [60], but is also possible for
molecules in solution [62]. An optical measurement of single terrylene molecules is
shown in Figure 2.8. The level structure of fluorescent molecules can be described
by a three level system with a singlet ground state |S0〉, an exited singlet state














Figure 2.9.: Quantum dot level structure. (a) shows a particle in an infinite
potential well. Discrete energy levels (vertical lines) arise from the confinement.
Also, the corresponding wave functions are indicated. (b) shows the level structure
of a quantum dot. Electron e and hole h are separated by the energy difference
Ex. (c) shows the recombination of electron and hole, which leads to emission of a
single photon.
molecule is pumped from |S0〉 to |S1〉 and then relaxes to |S0〉. With a small prob-
ability it can also enter the triplet state |T1〉, which is a dark state, i.e., no photon
is emitted [47].
Besides many advantages of single molecules as single photon emitters like nar-
row, at cryogenic temperatures even Fourier limited, zero phonon lines (ZPLs) [63],
their main drawback is their lack of stability. They show a blinking behaviour and
there is always a chance of destroying the molecule irreversibly via photo bleach-
ing [64].
2.5.3. Quantum Dots
Quantum dots are semiconductor structures so small, that their radius a becomes
comparable to the exciton Bohr radius ab [65]. In the case a  ab, the so called
strong confinement regime, electron and hole behave like particles in a box, and
therefore have discrete energies (see Figure 2.9 (a)) [66]. Because of this, the energy
of an electron hole pair inside the quantum dot is also discretised (Figure 2.9 (b)).
When electron and hole recombine, this energy can be released as a single photon
(Figure 2.9 (c)). Coulomb interaction between electron and hole gives rise to addi-
tional terms when calculating the energy. Further corrections are introduced when
dealing with more complicated states like the biexciton (a state of two excitons [67])
or the trion (a state of an exciton together with an additional electron or hole [68]).
A measurement indicating single photon emission from colloidal CdSe/ZnS quan-
tum dots is shown in Figure 2.10 [69]. Besides single photon emission, a pronounced
blinking behaviour is visible.
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Figure 2.10.: Single photons from CdSe/ZnS quantum dots. (a) shows a confocal
microscopy image of CdSe/ZnS quantum dots on glass as measured by Michler et
al. [69]. Blinking of the quantum dots is visible as bright or dark lines along the
scanning direction. (b) is an antibunching measurement from a single quantum dot
indicating single photon emission. The red line is a fit to the data. (c) shows the
blinking behaviour of a CdSe/ZnS quantum dot. The quantum dot switches from
bright states to dark states and vice versa. (adapted from [69])
2.5.4. Defect Centres in Wide Band Gap Semiconductors
Defect centres in wide band gap semiconductors have attracted much attention as
single photon emitters. However, there is only a small number of single photon
emitting defect centres known, for example in zinc oxide [70], in silicon carbide [71]
or in diamond [72], but it is likely that more are about to be discovered. In diamond
alone, more than 500 centres have been discovered [73], which by far not all have
been explored in detail. The centres consist of impurities and/or vacancies in the
semiconductor’s crystal lattice, leading to additional energy levels inside the band
gap.
Defect centres in diamond are the best studied ones and single photon emis-
sion has been proven for the nitrogen-vacancy centre (NV centre) [74], the nickel-
nitrogen complex (NE8) centre [75], the silicon-vacancy centre (SiV centre) [76] and
a chromium related centre [77]. In addition to naturally occurring defect centres or
ones generated during artificial crystal growth, defect centres can be created via ion
implantation [78]. In this way, it is possible to have centres at pre-defined sites [79].
The size of the defect centre’s host crystal can be on the order of 10 nm [80]. Opti-
cally active SiV centres have been found in crystals that did only contain about 400
Carbon atoms, corresponding to a size of 1.6 nm [81]. These so called nanocrystals
can be moved via nanomanipulation techniques, which allows for robust controlled
coupling of single photon emitters to photonic structures (see Section 5.2).
Throughout this thesis, the NV centre will be used as a single photon emitter,
hence this centre is introduced in detail in Chapter 3.
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Chapter Summary: Single Photons
In this chapter, the concept of single photons and some of their important statis-
tical properties were introduced. Coupling of light and matter was discussed in
the framework of cavity electrodynamics and two-photon quantum interference was
introduced. Methods for measuring single photons as well as the emitters of single
photons were shown. Measurement and generation of single photons are an inte-
gral part of the experiments reported in this thesis, what makes the concepts and
methods shown here indispensable for all the other chapters. While here a broad
overview of single photon emitters was given, in the remainder of this thesis mostly
the NV centre in nanodiamond will be used. In the next chapter, the NV centre as
a single photon emitter will be explained in detail.
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In this chapter, the nitrogen vacancy centre (NV centre) in diamond is introduced.
It will serve as a single photon emitter throughout this thesis. The NV centre is the
most prominent defect centre in diamond and the most intensively studied one [80].
After showing the NV centre’s structure in Section 3.1, its optical and spin prop-
erties will be examined in Sections 3.2 and 3.3, respectively. A special case are NV
centres in diamond nanoparticles, whose properties are introduced in Section 3.4.
Applications of NV centres are reviewed in Section 3.5, before concluding by show-
ing an experimental work on measuring the ultra-fast spectral diffusion which can
be encountered for NV centres in nanodiamonds in Section 3.6. The experiment on
the measurement of the ultra-fast spectral diffusion is also featured in the publi-
cation Measurement of the Ultrafast Spectral Diffusion of the Optical Transition of
Nitrogen Vacancy Centers in Nano-Size Diamond Using Correlation Interferometry
published in Physical Review Letters [82].
3.1. Diamond and the NV Centre
Diamond is a material with a number of extraordinary properties. These properties,
some of which will be highlighted here, make diamond a valuable gem stone and also
lead to a large variety of technical applications [83]. Diamond is a crystal consisting
of carbon atoms in a face centred cubic (fcc) lattice with a lattice constant of 3.56 Å
and a two atom basis [84]. It can be found occurring naturally as a mineral or can
be grown artificially [85].
In today’s industrial applications, the most important property of diamond is its
extraordinary hardness (10 on the Mohs scale and 45.3 on the Vickers scale [84]).
But especially for quantum applications, the following properties can be also very
important [80]:
• Band gap: A wide band gap of 5.5 eV [80] leads to a large transparency
window from the ultra-violet to the infra-red.
• Refractive index: An index of refraction of 2.4 enables for tight confinement
and guiding of light.
• Thermal conductivity: Diamond has one of the highest thermal conduc-
tivities known [86]. This can be used to guide away heat produced in the
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Figure 3.1.: Atomic and level structure of the NV centre. (a) shows the NV centre.
A nitrogen atom (N) is substituted for a carbon atom adjacent to a vacancy (V)
in the diamond lattice. (b) shows the level structure of the NV- centre without
strain or external fields applied and the associated transitions indicated by arrows
for optical transitions and dotted arrows for other relaxation paths. Strain can alter
the level structure, as can be seen in 3.3 (b). (For details and a derivation see [88]).
((a) from [89], (b) after [88])
quantum device or to more easily reach low temperatures, as required for
some applications.
• Breakdown voltage: A high breakdown voltage, as the one of diamond, is
useful for electrical devices such as diodes, since higher fields can be applied
to the material without destroying the device.
Besides these properties, what makes diamond an ideally suited quantum optical
material, is the existence of defects in the diamond lattice, such as the nitrogen
vacancy centre – one of the so called colour centres in diamond. Their name stems
from the fact that these centres are optically active, giving the otherwise transparent
diamond a colour.
In natural diamond, the NV centre is the most abundant colour centre. Besides
its natural occurrence, it is also found in artificial diamonds and can furthermore
be produced by radiation damage due to irradiation and subsequent post annealing
or by direct implantation of nitrogen [87].
The centre consists of a vacancy in the diamond lattice with an adjacent sub-
stitutional nitrogen atom, as shown in Figure 3.1. It therefore belongs to the C3ν
symmetry group. From this symmetry, information on the optical properties, which
will be discussed in the next section from a more phenomenological point of view,
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Figure 3.2.: Optical properties of the NV- centre. (a) Simplified level scheme of
the NV- centre. The system can be pumped off-resonantly from the ground state
|g〉 in the excited state |e〉, from where it decays under photon emission back to
the ground state or, with a smaller probability, undergoes inter-system-crossing to
a metastalbe state |m〉. (b) Autocorrelation function of photons emitted by a NV-
centre in nanodiamond under pulsed excitation (repetition rate 10 MHz). Clearly,
the peak at zero time delay is missing, indicating single photon emission. (c) Room
temperature fluorescence spectrum of the same NV- centre. A low temperature
spectrum of another NV centre can be found in Figure 3.5. (Data also published
in: [91])
3.2. Optical Properties
The optical properties of the NV centre are remarkable. It is the first defect cen-
tre where single photon emission was proven [74] and, like many defect centres in
diamond, it is photostable and able to emit single photons even at room tempera-
ture [74].
The most common charge states of the NV centre are the neutral NV0 and the
negatively charged NV- [90]. Their zero phonon lines (ZPLs) are at 575 nm and
637 nm, respectively [72]. Broad phonon sidebands accompany the ZPLs even at
low temperatures. The Debeye-Waller factor – a measure for the share of zero
phonon line and sidebands – is very small (0.04) [72].
The NV- level structure can be approximated by a three level system with a
triplet ground state |g〉, a triplet excited state |e〉, and a single metastable state
|m〉 [89]. This approximation, though very simple, is good enough to explain all
the effects encountered in the experiments shown throughout this thesis. Other
effects, like the possibility to address the NV centres spin (see Section 3.3), need
a more complicated scheme. More detailed level schemes of the NV- centre and
transition rates can be found in [88, 92, 93]. The system can be optically pumped
from the ground state |g〉 in the excited state |e〉, from where it decays under
photon emission back to the ground state or, with a smaller probability, undergoes
inter-system-crossing (ISC) to a metastalbe state |m〉 (see Figure 3.2). The excited
state lifetime at room temperature is circa 12 ns in bulk diamond [88]. In the NV
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Figure 3.3.: Spin physics of the NV- centre. (a) is a simplified level scheme of
the NV- centre (cf. Figure 3.2) including the relevant spin sublevels of ground and
excited state. The thickness of the arrows indicates the strength of the transitions.
This level scheme enables for optical detection of the magnetic resonance of the
spin (for details see text). (b) shows the measured contrast in fluorescence signal
versus the frequency of microwaves applied to a NV centre. Two dips can be seen at
the positions, when the frequency corresponds to the transitions m = 0 → m = 1
and m = 0 → m = −1. The degeneracy of the m = 1 and m = −1 levels is lifted
due to strain in the crystal and a magnetic field. (c) shows optically detected Rabi
oscillation of the spin of a single NV centre. [98]
centre, due to its symmetry, emission occurs via two perpendicular dipoles [88]. For
the polarisation if the emission this results in a pattern corresponding to the two
dipoles – a pattern which is less directional than the one corresponding to a single
dipole. This may lead to reduced efficiencies when coupling to cavities in cavity
quantum electrodynamics (see Section 2.2). Tuning of the emission wavelength is
possible via the Stark effect [94].
3.3. Spin properties
Besides its optical properties, the NV- centre also possesses useful electron spin
properties, which make it a nearly ideal model system to study the behaviour of a
single spin.
The NV centre’s ground state is split by spin-spin-interaction into sublevels
|e〉m=0 and |e〉m±1, which are separated by 2.88 GHz [95]. It is possible to read
out the spin of the ground state optically [96] even at the single centre level [97].
The reason for this process called optically detected magnetic resonance (ODMR)
can be seen when looking at the level scheme in Figure 3.3 (a). On excitation,
which is spin conserving, the excited state has different decay channels depending
its current spin state. For the m = 0 state, the probability of decaying into the
ground state is higher than for the m = ±1 states, which have a higher probability
of decaying into the metastable state than the m = 0 state. Since the metastable
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state has a relatively long lifetime on the 100 ns time-scale [99] and a non-radiative
decay, this makes fluorescence from the m = 0 measurably brighter. Hence, just
by comparing the fluorescence intensities, the spin state can be read out. The de-
cay channel through the metastable state is not spin conserving, so by decaying
through the metastable state, there is a chance that the information on the initial
spin state is lost [100]. At first sight, this seems to be a drawback, but in fact, this
can be used to spin polarise the NV centre: the decay from the metastable state
preferentially occurs into the m = 0 state, so after a few cycles, the NV centre will
be polarised in the m = 0 state [100].
By applying microwave radiation resonant with the ground states level splitting,
the electronic spin of the centre can be manipulated directly. In Figure 3.3 (b), the
measured fluorescence signal versus the frequency of microwaves applied to a NV
centre is shown. When the microwave is resonant with the ground state splitting,
the fluorescence is decreased because the the NV centre spends more time in the
darker m = ±1 state. In Figure 3.3 (b) two of these dips can be seen because of
strain in the diamonds crystal and an additional magnetic field, which shift the
levels m = 1 and m = −1 differently.
This control of the spin state via application of microwaves can be used to do
spin manipulation with a single spin in the solid state. For example, as it is shown
in Figure 3.3 (c), it is possible to drive Rabi oscillations [101]. The coherence
time (T2) of the NV centre’s spin can reach values of nearly 1 s – a value very
large for optically addressable solid-state systems [102]. Using the NV centre to
optically address nearby nuclear spins, whose coherence times are usually longer
than electronic ones [103], even longer coherence times for a spin qbit of over 1 s
can be achieved [104]. These excellent spin properties are one of the main driving
forces behind applications of NV centres (see Section 3.5) and the interest in their
integration into photonic structures (see Chapters 6 and 7).
3.4. Nanodiamonds
When diamond crystals are very small (usually smaller than circa 100 nm), they are
called nanodiamonds. Their main applications are grinding and polishing processes
in industry, which are making use of diamonds hardness without using its optical
properties. To produce nanodiamonds, two main processes have emerged: deto-
nation derived samples (detonation diamonds) and high-pressure high-temperature
(HPHT) synthesised samples [105]. On much smaller scales, there exist more tech-
niques to produce nanodiamonds, for example bead assisted sonic disintegration
(BASD) [106], where nanodiamonds are produced from bulk diamond. Besides
this, nanodiamonds can be found naturally in meteorites [107]. All these kinds of
nanodiamonds have different properties such as purity and therefore abundance of
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defects.
Optically active defect centres have been found in nanodiamonds only consisting
of about 400 carbon atoms, corresponding to a size of only 1.6 nm [81]. What makes
defect centres nanodiamonds especially interesting, is that they can be integrated
into photonic structures made from other material systems in a so-called hybrid
approach (see Chapters 6 and 7) [108]. In this approach, due to the combination
of different materials, it is possible to use particular strengths of the individual
material systems while avoiding their weaknesses.
For defect centres in nanodiamond, this flexibility comes at a cost. The optical as
well as the spin properties of defect centres nanodiamonds are inferior the properties
in bulk diamonds. For example, the quantum efficiency of the nitrogen vacancy
centre in nanodiamonds varies widely from 10% to 90% [109] and blinking of the
in diamond stable centre can be observed [110]. While there is still no satisfactory
explanation on the details, it seems that the main reasons for this are strain in the
nanodiamonds lattice, impurities (compared to ultra-clean artificial bulk diamond),
and the crystals surface, which in nanoparticles always is very close to the defect
centre [111]. One phenomenon, which can be found in NV centres in nanodiamonds,
is ultra-fast spectral diffusion [82]. To understand and prevent this would enable for
coupling of different NV centres in nanodiamond optically, what would immediately
lead to a vast amount of new applications of the techniques described in this thesis.
A detailed discussion of the ultra-fast spectral diffusion is shown in Section 3.6.
3.5. Applications
Being a photostable single photon emitter even at room temperature, an obvious
application for the NV centre is as a single photon source. Compared to most
other single photon emitters introduced in Section 2.5, which often need cryogenic
cooling (self assembled quantum dots), complicated trapping (atoms/ions) or have
problems with photostability (colloidal quantum dots/molecules), the NV centre
can be easily integrated and used. In Section 6.2, an example of a single photon
source based on a directly fibre coupled NV centre is shown. Other implementations
include approaches to miniaturise confocal microscopes [112], direct coupling to
tapered fibres [113, 114] or even electrically pumped light emitting diodes [115, 116].
First experiments using single photons generated by NV centres in conventional
microscopes as well as from more sophisticated sources have been carried out, e.g.,
in quantum key distribution [112, 117].
Besides just providing photons for experiments, the possibility of addressing sin-
gle electron spins provided by NV centres enables for experiments in fundamental
physics. Recently, the quantum Zeno effect on a single solid state system has been
demonstrated [118], quantum nonlocality has been investigated by performing Bell
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tests [119], and quantum contextuality was examined [120].
In the field of quantum information science [1], the high degree of control that
can be achieved over NV centres’ quantum states makes them particularly useful
as qbits [121, 122]. Experimentally, entanglement of distant NV centres [35] and
quantum teleportation [123] have been successfully demonstrated, paving the road
to more complex experiments.
Another application for NV centres is to use them in sensing [124]. In Chapter 9,
the optical transition of the NV centre is used to acquire information on the local
density of optical states at the nanoscale. Other sensing methods make use of
the NV centre’s spin properties, like magnetic field sensing [125, 126], electric field
sensing [127], and measuring temperature [128–130]. Here, one of the advantages
of the NV centre is that it is easily read out and it is also a small nanoscale object.
Hence, it can be used as a very small local probe. Proposals exist also for sensing
of other quantities like gravitation [131] or rotations [132].
Like other nanoscale photon emitters, nanodiamonds containing NV centres can
also be used as a biomarkers [133]. They are not cytotoxic and, if irradiated nanodi-
amonds with many centres are used, very bright biomarkers whose surface further-
more can be functionalised easily [133]. Its applications in biology are not limited
to optical microscopy: their spin properties can be used for tracking of individual
nanodiamonds inside living cells [134] or for magnetic imaging of cells [135].
3.6. Measurement of Ultra-Fast Spectral Diffusion
As shown in Section 3.4, working with NV centres in nanodiamonds has many ad-
vantages, but also introduces some difficulties. One main difficulty with NV centres
in nanodiamond is spectral diffusion of the zero photon line. Spectral diffusion is a
phenomenon often encountered in solid state single photon emitters for example in
quantum dots [136], molecules [137], and defect centres [95]. The zero phonon line
of the emitter is shifting spectrally over time. This is an unwanted behaviour for
single photon sources in most applications in quantum information science, since
it destroys the photon indistinguishability required for two-photon interference [31]
and makes resonant addressing of the emitter difficult (see Section 2.3). Spectral
diffusion hence hampers scaling up quantum optical systems from systems with one
single photon emitter to systems with multiple interacting single photon emitters
at multiple locations.
To counteract the unwanted process of spectral diffusion, active stabilisation
schemes can be employed. For example, locking of the resonance frequency of a
quantum dot to optical transitions in a Rubidium gas has been demonstrated [138]
and an active stabilisation of nitrogen vacancy centres in bulk diamond has been
achieved [139]. One requirement for these active stabilisation schemes is that the
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Figure 3.4.: Spectral diffusion measurement scheme. The spectral position of a
single photon emitter is converted to intensity fluctuations in a Mach-Zehnder inter-
ferometer and read out using two APDs. The interferometer arms are unbalanced
with a path length difference of 2∆L.
spectral diffusion is sufficiently slow to allow for detection of the current position of
the line. It is therefore important to understand the underlying processes in order
to engineer the properties of spectral diffusion, and, in the best case, completely
inhibit it.
3.6.1. Measurement Scheme
It is straightforward to measure spectral diffusion by simply looking at the be-
haviour of the emission line with a spectrometer’s camera [140], however, for high
time resolutions other techniques have to be employed. For quantum dots, it
has been shown that using two monochromators and avalanche photo diodes sub-
nanosecond time resolutions for the measurement of spectral diffusion can be achieved,
which is considerably faster than the time resolutions on the millisecond scale
achievable with cameras [141]. Another technique to measure spectral diffusion
on fast timescales is to convert the spectral fluctuations of the emitter to intensity
fluctuations via changing the path length in an interferometer, as used in Ref-
erences [142, 143]. Both approaches have certain limitations, for the first its the
bulky setup employing two independent monochromators and the second need mov-
ing parts, which effectively limits its time resolution to the order of approximately
100 µs.
To overcome this, here, a way to measure the rate of spectral diffusion interfero-
metrically without any moving parts is introduced [82]. With an unbalanced Mach-
Zehnder interferometer, spectral jumps of a single photon stream are converted into
intensity fluctuations, which are being detected at the interferometer’s two output
ports with single photon counting avalanche photo diodes (see Figure 3.4).
The photon detection rate for the symmetric (asymmetric) port 〈ÎS/A,λ(t)〉t is
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given by time averaging the intensity operator:
ÎS/A,λ(t) = ηS/A,λ n̂(t)mS/Aλ(t), (3.1)
with the detection quantum efficiency ηS/A,λ, the modulation introduced by the
interferometer mS/A,λ(t), and the photon number operator n̂(t) = â†â. The wave-
length dependence in the indices will be suppressed in the following calculations.
The modulation term for a Mach-Zehnder interferometer is given by:





with the path length difference ∆L = x and the contrast of the interference fringes c.
Plus and minus sign correspond to symmetric and asymmetric port, respectively.




















where for the second equation the definition of the second order autocorrelation
function g(2)(τ) in Equation 2.16 is used. At this point, some assumptions on
the emitter under investigation and the interferometer have to be made. Firstly,
the emitter jumps in between random positions under a broad envelope. Broad
here means broader than the emission’s linewidth. Secondly, the jumps lead to
a significant changes in the intensities at the interferometer outputs and several
interferometer fringes lie in this envelope, what can be achieved by choosing a
suited arm length difference ∆L.
The information on spectral jumps is now contained in the term 〈mS(t)mA(t +
τ)〉t. It can be evaluated by introducing the probability p(τ) that the signal is
unchanged after a time interval τ :
〈mS(t)mA(t+ τ)〉t = p(τ)〈mS(t)mA(t)〉t + (1− p(τ)) · 〈mS(t)mA(t′)〉t,t′ . (3.5)





〈mS(t)mA(t′)〉t,t′ = 1, (3.7)
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where in the second equation the fact was used, that for several interferometer
fringes and random jumps the sine terms average out. Furthermore, the same is
true for instabilities of the interferometer, as long as they are on timescales longer
























Amazingly, this result only depends on two correlation functions, the second order
autocorrelation function of the bare emitter and the cross correlation between the
interferometer arms.
3.6.2. Measurement of the Spectral Diffusion in Nanodiamonds
The setup for measuring the spectral diffusion of the zero phonon line of NV centres
in nanodiamonds consists of the Mach-Zehnder interferometer shown in Figure 3.4
and a NV centre as single photon source. The NV centres used are hosted in
nanodiamonds (type Ib bulk diamond milled to a size between 30 nm and 100 nm)
which are deposited on a zirconium dioxide solid immersion lens (SIL) for improved
collection efficiency (see Section 4.2.1 and Reference [144]). The SIL is mounted in
a liquid Helium flow cryostat and the photons are collected with a high numerical
aperture objective (NA=0.9) mounted inside the isolation vacuum. The NV centre
is excited with a picosecond 531 nm laser or a 10 nm broad part of the spectrum of
a supercontinuum source. The excitation laser is filtered out by longpass filters. An
additional removable bandpass centred at 637 nm with a width of 7 nm is used in
order to selectively collect the zero phonon line (see Figure 3.5 (a)). A time tagging
electronic is used to collect signals (see Section 2.4.1).
With this setup, the correlation functions g(2)(τ) and g(2)(τ)AS are measured.
Photon collection took typical times of 30 minutes, depending on the actual count
rate of the NV centre. An example of such a dataset is shown in Figure 3.5 (b).
Already in the bare curves differences are visible. Together with Equation 3.9 and
the definition that the time on which spectral diffusion occurs τd is the 1/e time,
these data can be plotted as in Figure 3.6 (a). The value of p(τ) is shown. It follows
an exponential behaviour with a spectral diffusion time of τd = 4.6± 0.6 µs. Also
the interferometer contrast c in Equation 3.9 is calculated to be 35% – a value below
the 90% that were independently measured with a laser beam. This is attributed
32














































Figure 3.5.: NV centre spectrum and correlation functions. In (a), a spectrum of
the zero phonon line of a NV at liquid helium temperature is shown. Green is the
filtered ZPL without the interferometer and red one output of the interferometer.
An offset is added for visibility. The inset shows the unfiltered spectrum with its
phonon sidebands. The region transmitted by the narrowest bandpass marked in
yellow. (b) shows the correlation functions g(2)(τ) and g(2)(τ)AS . Differences due
to spectral diffusion are visible. (Adapted from [82])
to two main reasons: firstly there always is some fluorescence background present
in the measurements (see the non-vanishing g(2)(0) in Figure 3.5 (b)), and secondly,
the NV centre posses two dipole transitions, which need not to be degenerate (see
Section 3.2) [139].
With a working technique of studying the spectral diffusion at fast timescales,
the influence of the excitation laser on the properties of spectral diffusion is now
studied.
In a first experiment, the power of the excitation laser (wavelength λ = 531 nm)
is varied well below saturation in the linear regime and the spectral diffusion rate
is measured. The corresponding data are shown in Figure 3.6 (c,d) for two different
NV centres. A linear dependency of the jump rate on the excitation power is found.
The two red dots in Figure 3.6 (d) were not used, as a closer evaluation of the data
revealed a increased count rate compared to the normal power dependence. This
is a clear indication of an experimental error, probably due to the adhesion of dirt
from the vacuum system in the strongly focussed laser beam over time. As shown
in Figure 3.6 (c), a quadratic power dependence can be excluded. Therefore, no
two-photon process, like photo induced charge conversion [145], is the main course
of the observed spectral diffusion.
In a second experiment, the dependence on the wavelength of the spectral dif-
fusion is studied. With 10 nm wide bandpass filters, parts of the spectrum of a
supercontinuum source are cut out and used for excitation, while the count rate
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Figure 3.6.: Measurement of spectral diffusion. (a) shows the probability p(τ)
that no spectral jump occurred in the time interval τ , as it is calculated from the
correlation function shown in Figure 3.5. The black curve is an exponential fit to
the data and the dotted line indicated the 1/e value τd. (b) shows the dependence
of the spectral diffusion rate (right axis) and collected photons per jump (left axis)
as function of excitation photon energy. The behaviour changes around 2.3 eV as
indicated by the dotted line. In (c) and (d), the excitation power is varied at a
wavelength of λ = 531 nm (equivalent to an energy of 2.34 eV). A clear linear
behaviour is visible. The two red data points were not used in the linear fit as
explained in the text. (Adapted from [82])
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is kept constant at 1.4 ± 0.2 kcts/s. The corresponding data are shown in Fig-
ure 3.6 (b). The curves for the photons per jump as well as the jump rate per
excitation power change at 2.3 eV. Note that with the technique used here, it is
even possible to measure the jump rate when there is less than one photon per
jump.
In a third experiment, the temperature dependence of τd is investigated, but in
the range from 5− 20 K no such dependence is found.
From these experiments, the following conclusions are made:
• The excitation laser is the source of the spectral diffusion observed, since
the rate scales linearly with laser power and a linear fit reveals that spectral
diffusion would be absent without an excitation laser.
• Because of the linear dependency of jump rate and laser power, it is not
possible to get more photons per jump by reducing the laser power.
• Changing the temperature will not allow more photons to be extracted in
between jumps.
• By reducing the excitation laser photon energy below 2.3 eV, it is possible
reduce the rate of spectral diffusion and hence get more photons out.
All these findings are compatible with a charge trap model (see Reference [82] for
details), but a more detailed investigation has to be carried out in the future. Also
it is unclear what the cause reduction in the diffusion rate at 2.3 eV photon energy
is, since the main impurity is nitrogen, which forms a charge trap at 1.7 eV [146,
147] and therefore gets ionised in any case. An important consequence of these
conclusions is, that it will be extremely demanding (if not impossible) to stabilise
the emission line of nanodiamonds and to show quantum effects like the Hong-Ou-
Mandel effect with photons from different NV centres in nanodiamonds. This is
caused by the low number of photons that can be extracted (and therefore used for
stabilisation) before the line jumps. What is possible, is to use photons from one
the same NV centre, because the jump rate is still much smaller than the emission
rate, so that consecutive photons are most likely from the same line. The big
disadvantage of this approach is the loss of scalability. In order to be able to use
nanodiamonds in a scalable approach, the timescales of spectral diffusion have to be
changed, either by material science or by implementing resonant excitation [148].
Chapter Summary: The Nitrogen Vacancy Centre
In this chapter, the nitrogen vacancy centre in diamond and some of its properties
were introduced. In particular, its optical and spin properties were reviewed. For
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the special case of nanodiamonds, the NV centre’s properties are slightly changed,
what leads to effects like spectral diffusion of the centre’s zero phonon line. After
highlighting some of the application of NV centres, a measurement of the ultra-
fast spectral diffusion in nanodiamonds was shown. Spectral diffusion is one of
the main obstacle for interactions of two different NV centre’s in nanodiamond, so
understanding it is of great importance. Solutions for two of the other challenges
in working with NV centres in nanodiamonds, i.e., to efficiently collect emitted
photons and integration of the centres in photonic structures, will be treated in the
following chapters. While the NV centre in nanodiamonds is the emitter used in all
the experiments shown, the next chapter is on efficient collection of single photons
from quantum emitters, which do not necessarily have to be NV centres.
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When working with low light levels, like with single photons, it is important to
work efficiently, i.e., not to waste photons due to loss or low photon collection.
Many single photon emitters, as introduced in Section 2.5, are nanoscopic optical
systems. Therefore, two main things are needed: First, the emitter needs to be
addressed. Hence, in Section 4.1 the optical microscope is introduced. Second, the
collection efficiency has to be as high as possible. Ways to improve the collection
efficiency are presented in Sections 4.2and 4.3 . Parts of Sections 4.2 and 4.3 have
been published in Optics Letters with the title Numerical analysis of efficient light
extraction with an elliptical solid immersion lens [149].
4.1. Optical Microscopy
In many areas of natural sciences, optical microscopes play a major role. Their
ability of magnification and therefore to allow for looking at very small things and
seeing details that are not visible with the naked eye makes them an indispensable
tool for scientists. They are used so often, that they became a symbol of scientific
research [150]. Here, an overview on the basic operation principle and properties
of optical microscopes is given.
The easiest way to achieve magnification is to use a simple magnifying glass. It
increases the angle α under which light from different points of an object hits the
eye, what forms a virtual enlarged image as shown in Figure 4.1 (a,b) [151]. In
contrast to a magnifying glass (or more complicated variants thereof, which may
involve more elements), a compound microscope consists of two distinct parts: an
objective and an eyepiece. The objective is used to collect the light from a sample
and form a real intermediate image inside the microscope, which is in turn imaged
by the eyepiece. A sketch of this is shown in Figure 4.1 (c).
4.1.1. The Microscope Objective
In this thesis, mostly other variants of microscopes, like a confocal microscope (see
Section 4.1.3), are used which have no eyepieces and direct the light they collect
directly onto a detector. In any case, the most important component is the first
lens system, the microscope objective. It directly determines which fraction of light











Figure 4.1.: Magnifying glass and microscope. In (a) an observer at the right
is looking at an object without additional optics. The angle α between rays from
different point of the object is a measure for how big the object looks. In (b) a
magnifying glass is applied. Light from the object is refracted what leads to a
larger, magnified αm. In (c) the principle of a microscope is sketched. A first lens
(objective) collects light from the object and forms a real image, which is then
images by a second lens (ocular) forming an enlarged virtual image.
usually use so called infinity corrected systems in which the microscope objective,
as introduced in Figure 4.1 (c), is split in two parts: One part collecting the light
and sending out a collimated beam (i.e., focussed to infinity) which is still called
objective and another part, the tube lens, which forms the intermediate image.
In this thesis, only this system is used due to the great advantage in flexibility it
offers. A selection of the important properties of microscope objectives in this sense
is reviewed in the following.
• Numerical aperture. The numerical aperture (NA) is given by [152]:
NA = n sinα, (4.1)
with n being the refractive index of the surrounding medium (n = 1 for air
objectives and n > 1 for immersion type objectives) and α being the maximum
angle with the optical axis, that light stemming from the focal point can have
while still being collected. An increased angle α leads to increased photon
collection, therefore, to collect many photons, the NA for a fixed immersion
medium should be as high as possible. Typically, for air objectives, NAs as
high as 0.95 are commercially available. Using them, about one third of the
full solid angle is covered.
• Magnification. For an infinity corrected objective, the quantity magnifica-
tion only makes sense with the corresponding tube lens, since the objective
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alone does not form an image. What can lead to confusion is that different
companies use different focal lengths for the tube lenses in their microscopes.
Hence, a more useful quantity is the objective’s focal length. It can be calcu-
lated by treating the system as telescope. Using the equation for a telescope’s
magnification [151] leads to:
fobjective = ftube/M, (4.2)
with fobjective as the objectives focal length, ftube the tube lens’ focal length
as intended by the manufacturer and the M the nominal magnification of the
objective.
• Point spread function. The point spread function (PSF) is the pattern,
which is illuminated or observed by a lens (or system of lenses) at its fo-
cal plane, provided there is an incident collimated beam or a point emitter,
respectively [153]. This generally three-dimensional function is often approx-
imated in two dimensions as an Airy function, the so called Airy disk. This
is only a a valid approximation in the paraxial case where the NA is small
(see [152] and [153] for details). For ideal imaging systems, the PSF only is
dependent on the NA and the wavelength. If this is the case in good approx-
imation, a system is called diffraction limited, since the limit in size is the
diffraction taking place due to the finite NA. To achieve diffraction limited
PSFs for high NA objectives at different wavelengths and for large fields of
view, corrections for chromatic and spherical aberrations are applied, leading
to a large variety of different objective types with different properties. To de-
scribe them would go beyond the scope of this description of the parameters
most important for this thesis.
• Back aperture size. A property of an objective, which is very important
when light is coupled in or out of the objective, is the size of the microscopes
back aperture. This aperture determines which diameter D an outcoming
beam from a point source has or which diameter D an ingoing beam has to
have ideally. It can be calculated as follows [154]:
D = 2 · f ·NA. (4.3)
This looks like what is expected for paraxial approximation only, but for
most microscope objectives (so called aplantic objectives) it is also true for
high NAs. The reason for this lies in the fact that in order to get a good
image also for points not exactly on the optical axis, an optical system has to




Resolution is the ability of a microscope to resolve light stemming from adjacent
points. Clearly, this is given by the size of the PSF. When the PSF gets larger, it
will get harder to resolve distinct points. Traditionally, there are different criteria
on how to judge if two points are considered as resolved. The most common criteria
are the Rayleigh and Sparrow criteria. In the Rayleigh criterion, two equally bright
points are resolved when the intensity maximum of one point coincides with the first
intensity minimum of the other, while the Sparrow criterion states that two equally
bright points are resolved when their combined intensity yields a local minimum or
a flat top instead of a peak [155]. Assuming an Airy function for the lateral PSF,










for the Sparrow criterion. Note that these criteria used for resolution are defined
for practical reasons: If one would consider a completely noiseless case or has some
additional information on the sample to be measured, even much closer objects
could be measured, e.g., by deconvolving with the PSF. As an easy example, if it
is known that there is just a single emitter, it is easily possible to localise it better
than the resolution limit just by looking for the centre of the measured signal. Many
advanced superresolution microscopy schemes employ a similar approach in order
to localise many emitters [157].
4.1.3. Confocal Microscopy
In contrast to standard optical microscopy, in confocal microscopy only one point is
illuminated at a time and also detection of the signal only takes place for this point.
The basic principle can be seen in Figure 4.2 (a). A light source, commonly a laser,
is focused by an objective lens and detection happens by imaging the focal point
on a pinhole. As Figure 4.2 (b) and (c) show, light that is not stemming from the
illuminated point is suppressed by the detection pinhole. Even more, these points
are also not illuminated. Mathematically this can be expressed by multiplying
the PSF of the excitation light with the PSF of the detection pinhole. This is
called the confocal PSF. For a suitable small pinhole size, the confocal PSF is the
original PSF squared, what slightly increases the resolution of the microscope. Note
that this is only the case for the Sparrow criterion, since the minima used in the
Rayleigh criterion do not shift for a squared PSF. However, more important than
40










Figure 4.2.: Confocal microscope. In (a) the working principle of a confocal
microscope is shown. A light source is focused on a single point of the sample and
the detected light coming back from this point is spatially filtered by a pinhole. As
(b) and (c) show, in this way background light from adjacent points gets suppressed.
the increased resolution is the increased signal to noise ratio achieved in confocal
microscopy. Squaring the original PSF heavily reduces unwanted side-lobes.
The confocal microscope described so far only gets information from one point.
In order to form an image, the sample has to scanned, either by moving the sample
or by moving the excitation and detection spot. Often, confocal microscopy is
implemented as fluorescence confocal microscopy, where a laser is used to excite
fluorescing molecules (or other emitters) and only the fluorescence is detected. With
the possibility to selectively attach dyes to objects of interest, this method has
great success in biology, where it is routinely used. More information on this can
be found in References [152] and [154]. In this thesis, confocal microscopy is not
used to image tissue, but to have a good suppression of unwanted background light
when addressing single photon emitters.
4.2. Single Photon Collection Efficiency
After the introduction of optical microscopy in Section 4.1, in this section different
approaches to enhance the collection efficiency of single photons beyond what is
possible with standard microscopy schemes are introduced. This is very important,
since fundamental experiments and applications in nanophotonics deal with small
amounts of light, down to the limit of single photons emitted from single emitters
(see Section 2). Moreover, it is crucial not to lose the photons due to a low collec-
tion efficiency, since an ideal single photon source, which is crucial for linear optics
quantum computing (see Section 2.3) [34], has to emit exactly one photon per ex-
citation – never two and never zero. For such a photon gun [46], two requirements
have to be met: (1) The quantum efficiency of the emitter has to approach unity,
and (2) the photon collection efficiency of the optical system has to be near 100%.
The first requirement can be met by choosing an efficient emitter and if necessary
further enhancing its emission resonantly via Purcell enhancement in resonant op-





Figure 4.3.: Single photon collection schemes. (a) Due to total internal reflection,
only photons propagating inside a cone with opening angle Θc can be collected.
(b) Using a geometrical approach the number of photons being collected can be
increased. (c) In the resonant approach a resonant structure enhanced the emitter
and directs the light into one desired mode.
collection optics to cover a solid angle of 4π – which is impracticable for almost
all applications – or the photons to be directed exclusively into a small solid angle.
Directing the photons can again be achieved via the Purcell effect by resonantly
enhancing emission in one desired spatial mode, or by employing geometrical optics
to non-resonantly direct the photons [159].
The challenges in working with single photon sources lie not only in identifying
a suitable single photon emitter, but also in collecting the emitted single photons
efficiently. For solid state quantum emitters like molecules, quantum dots, and
defect centres, the photons need not only to be directed to the collection apparatus,
they also need to be extracted from their host material. Diamond for example has
an index of refraction of 2.41 at 638 nm [160]. This leads to a critical angle Θc
of less than 25 degrees at a diamond-air interface. So only photons inside a cone
with that opening angle can pass through the interface, the rest is lost due to total
internal reflection (see Figure 4.3 (a)). There are mainly two approaches to address
this problem, a geometrical one as shown in Figure 4.3 (b) and a resonant one shown
in Figure 4.3 (c) [159].
4.2.1. Geometrical Approach
In this approach, the geometry of the material surrounding the single photon emit-
ter is changed in a way that more of the photons are directed towards the collection
optics. A simple example of this is the hemispherical solid immersion lens (SIL) in
Figure 4.3 (b) [161]. The problem with total internal reflection is avoided by placing
the emitter in the centre of a hemisphere. By doing so, the light will hit the sur-
face only under normal incidence and can therefore exit the host material without
being hindered by total internal reflection. Since SILs act as an immersion medium
analogous to the immersion oil in oil immersion microscopy, due to their elevated
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refractive index, they increase the effective numerical aperture of a light collecting
system [161, 162]. Commercial SILs made from transparent high-index materials
such as zirconium dioxide [144] are commonly only available as half spheres. Using
micro-structuring processes like focussed ion beam milling [163] or a combination
of mechanical and laser techniques [164], SILs can be fabricated directly from the
material hosting an emitter. Since in this approach the emitter is embedded in a
homogeneous medium, the maximum amount of collected photons is 50%. This
limit can be overcome by introducing a dielectric interface, because light will be
emitted preferably in the direction of the optically thicker material, i.e., the direc-
tion of the SIL, if the refractive index of the SIL is the higher one [165]. However,
with a dielectric interface present, hemispherical SILs tend to direct most of the
light from an emitter on its surface to very shallow angles, which makes collection
via subsequent optics very difficult [144]. One way to improve on this disadvantage
is to use the so called Weierstrass or super-hemisphere geometry (a sphere cut at a
height of h = 1 + 1n with n being the SIL’s index of refraction). In this geometry,
photons are diffracted into a smaller solid angle [162]. In Section 4.3 another –
more efficient – variant of a SIL geometry is investigated.
When not relying on SILs, there are other possibilities to enhance the collection
efficiency geometrically: With a carefully designed dielectric slab consisting of a
sapphire cover glass and polyvinyl alcohol (PVA), it was shown that nearly every
photon can be directed to the collection optics [166]. To achieve this, molecules of
known orientation were placed in the middle the PVA layer and imaged through the
sapphire substrate with a high numerical aperture objective. However, this large
value comes at a cost. Very high numerical aperture collection optics are needed in
order to collect all the photons. By employing an additional mirror layer, these large
angels can be reduced [167], but still, the resulting mode-profile has little overlap
with a Gaussian beam, making fibre coupling extremely challenging. Both aspects
are disadvantageous, for example when it is difficult to use large numerical aperture
optics, a situation often present when extracting light from emitters in cryostats.
Furthermore, the emitter has to be fully embedded in a medium, restricting this
approach to to very simple single photon emitters. Application to more complex
nano-engineered structures is not possible [91, 108, 144, 168–172].
Another possibility of exploiting the effects arising from the sample geometry is
coupling of the emitters directly to a waveguiding structure. This can be done by
coupling directly to the evanescent field from tapered fibres [113, 173, 174], coupling
to the mode directly by putting the emitter on the waveguides facet [175] (see also
Section 6.2), or embedding the emitter into the waveguide’s material [176, 177] (see
also Section 7.4).
In Section 7.5.2, an approach to enhance the collection efficiency using a reflecting




In this approach, the local density of optical states (LDOS) is engineered [159]. Via




|Vfi|2 ρ(Ef ), (4.6)
a direct dependence of the transition probability on the LDOS is found. Here,
Wi→f denotes the transition probability from an initial state i to a final state f ,
Vfi is the transition matrix element, and ρ(Ef ) is the density of states at the final
state’s energy Ef (see also Chapter 9, where the LDOS is measured). This provides
the possibility to enhance certain transitions by increasing the LDOS and also to
suppress others by reducing the LDOS [158, 179]. In this way, the spatial emission
pattern as well as the spectral properties of the emitted light can be influenced, so
that the collection efficiency can be improved. On resonance with optical cavities,
where the LDOS is high, the enhancement is called Purcell effect (see Section 2.2








where λ is the vacuum wavelength, n the refractive index, Q the cavity’s quality
factor and V the mode volume [158]. An emitter’s emission falling into the spectral
line of the mode will be enhanced by this factor. From Equation 4.7 it is clear, that
for a high enhancement a high quality factor and, at the same time, a small mode
volume is needed. An example of enhancing the emission of the zero phonon line
of a nitrogen vacancy centre can be found in Section 6.1.
4.3. Elliptical Solid Immersion Lenses
Now, solid immersion lenses, as introduced in Section 4.2.1 to enhance photon col-
lection efficiency, are investigated. Extensive finite difference time domain (FDTD;
see Appendix C) simulations are used in order to show the advantageous light col-
lection and mode profile characteristics of a non-spherical SIL design. Theoretical
design guidelines for the non-spherical solid immersion lenses, here referred to as
elliptical SILs (eSILs) [180], are presented. With modern fabrication techniques,
such as two-photon direct laser-writing (DLW, see Section 7.2) [181, 182], it is
possible to fabricate such structures easily. In particular for small NAs, the FDTD
calculations show a highly increased light collection efficiency compared to ordinary
SILs.
While the eSILs cannot increase the overall amount of photons emitted in one
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Figure 4.4.: Elliptical solid immersion lens geometry. (a) shows the geometrical
parameters of the eSILs. The spheroid’s two semi-axes are denoted as a and b and
it’s truncated height is denoted as h. (b) is an illustration of a standard SIL with
parameter r = ab = 1 and s =
h
2 · b = 0.5 while (c) shows a eSIL with parameters
r = 0.8 and s = 0.75. The green arrow indicates the emitting dipole. (Figure
adapted from [149])
half space compared to a standard SIL, which is given by the refractive indices of
SIL and surrounding medium, they can drastically increase directionality of photon
emission and hence significantly enhance collection efficiency.
4.3.1. Geometry and Simulation Details
Elliptical SILs are truncated three-dimensional spheroids, i.e., ellipsoids with two
equal semi-diameters which are cut at one end. Details about geometry can be






= 1, r = a
b
, s = h2 · b , (4.8)
where a and b are the semi-axes of the spheroid, the dimensionless parameter r
denotes the fraction the spheroid’s axes, and the truncation parameter s is defined
as the fraction of the height h along the optical axis of the truncated spheroid to
the height of the entire spheroid. Two-dimensional ovals with a specific parameter
r were recently investigated for the focusing of light [183].
In the simulations of the eSILs, b is set to be 5 µm and a is varied from 0.5 µm
to 5 µm. This sizes are chosen in order to avoid resonant effects from very small
structures while keeping the simulation region small enough for fast computation.
As a second parameter, the truncation s is changed in steps of 0.416 µm, which
correspond to b12 .
The numerical analysis of the optical properties of the eSILs is conducted using a
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commercial FDTD simulation software (Lumerical Solutions Inc. FDTD). In order
to receive comparable results, the simulation region has the same size for each con-
figuration, with the largest mesh cell of the size of under 30 nm, i.e., the minimum
number of mesh points per wavelength is around 24. Convergence was checked by
varying the mesh size.
The light source used is a single emitter approximated by a radiating dipole
emitting at a central wavelength of 717 nm, indicated by a green arrow in Fig-
ure 4.4 (b,c). Due to the rotational symmetry of the eSIL geometry, only two
perpendicular orientations need to be evaluated in order to calculate the optical
properties of any other dipole orientation. The refractive index of the eSIL is set to
neSIL = 1.5 to match the refractive index of glass and commonly used photoresists
used in two-photon direct laser-writing.
For some of the simulated geometries, resonance effects analogous to whispering
gallery modes occurred in the simulations [184]. In these cases, the light extraction
is not purely due to geometrical optics anymore and is heavily dependent on the
actual size of the SIL. In order to eliminate these data and focus on the geometrical
aspect of light extraction, these results are discarded. The criterion to discard the
simulations is that the total energy in the simulation volume after a time of 600 fs
did not decline to 10−4 of the energy injected.
4.3.2. Collection Efficiency of eSILs
In order to quantify the light collection efficiency, a study of the angular emis-
sion distribution of the combined emitter–eSIL system is performed. Using the
far-field transformation implemented in the commercial software package, the far-
field radiation pattern of a dipole centred on a eSIL is calculated. In Figure 4.5
far-field distributions for a standard and elliptical SILs are shown. Obviously, the
angular distribution of the light is compressed by the eSILs for both dipole orien-
tations. Since a dipole source at an interface radiates preferentially in the material
with higher refractive index [185], special attention to the definition of collection
efficiency has to be paid. Changing the eSIL’s geometric parameters results in dif-
ferent sized air–medium interfaces at the eSIL’s bottom for the various simulated
geometry configurations. Hence, the total power emitted by the dipole as well as
its angular radiation pattern changes [185]. Thus, by normalising with respect to
the power radiated in the upper hemisphere, the different far-field results can be
compared in a plausible way. Another way to achieve reliable results is to compare
the fraction of power collected and the total power radiated. In the following, both
methods of normalisation will be used.
An important figure of merit of eSILs is the fraction of light from an emitting
dipole that can be directed into a specific solid angle. Therefore, the light collec-
tion in dependence of the numerical aperture of the collection optics is calculated.
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Figure 4.5.: Angular far-field intensity distributions of eSILs. (a,b,c) are far-field
intensity distributions for a dipole parallel to the planar SIL surface while the dipole
in (d,e,f) is perpendicular. (a,d) are the distributions for a standard SIL, while (b,e)
and (c,f) are for eSILs with parameters r = 0.8, s = 0.875, and r = 0.6, s = 0.708,
respectively. The colour scale shows the light intensity normalised to the total













































Figure 4.6.: Collection efficiency of eSILs. (a) and (b) are for a eSIL with pa-
rameters r = 0.8 and s = 0.75 (black line) in comparison with a standard SIL
(red/grey line) for dipoles parallel and perpendicular to the planar SIL surface,
respectively. Especially for small numerical apertures of the collection optics, the
collection efficiency is enhanced. Efficiencies in (a) and (b) are normalised to the
intensity emitted into the upper hemisphere, i.e., the efficiency equals 1 for NA=1.
(c) and (d) are curves like in (a) and (b), but piecewise for the best suited eSIL for
a numerical aperture and with normalisation to the total power. (Figure adapted
from [186])
Figure 4.6 (a,b) shows as an example the result for two dipole orientations for a SIL
and eSIL with parameters r = 0.8 and s = 0.75. In particular, for small numerical
apertures of the collecting optics, the directionality can be increased drastically us-
ing the eSIL design. For instance, with a numerical aperture of 0.2 the simulation
indicates that the collected intensity is about 276 times higher compared to a stan-
dard hemispherical SIL. The total amount of light collected with this exemplary
eSIL for a NA as low as 0.2 is 27.2%. In a typical experimental configuration, the
numerical aperture of the collecting optics is given. Therefore, one has to look for
the optimum SIL geometry for each value of numerical aperture of the collecting
optics ranging from 0 to 1. The attainable collection efficiency for the best opti-
mised (varying) eSIL is plotted in Figure 4.6 (c,d) as black line and compared to
a Weierstrass (green/dotted) and a hemispherical geometry (red/grey). It can be
seen that especially at lower numerical apertures the eSIL outperform the light col-
lection efficiencies of standard and Weierstrass SIL configurations by far. On top of
that, for a NA as low as 0.3 more than 65% of the total light emitted by a dipole
can be collected. A more detailed view on the influence of the design parameters
r and s is given in Figure 4.7, where the total collection efficiency for two different
48





























Figure 4.7.: Collection efficiency as a function of the variations of design param-
eters r and s at fixed NAs. (a,b) show the influence of changes in the parameters
for a fixed NA of 0.2 for the two different dipoles while (c,d) show this for an NA
of 0.6. Black data points correspond to cases where the data is discarded due to





























Figure 4.8.: Comparison of the intensity distributions. (a) and (b) show the
far-field intensity distributions perpendicular and parallel to the in plane emitting
dipole. The results for the standard SIL are shown in red while in back and blue
results for eSILs with parameters r = 0.8, 0.2 and s = 0.88, 0.83 are shown. The
dotted red lines are Gaussian fits to the data. (Figure adapted from [186])
NAs is shown.
Another important property of the eSILs is that using them a Gaussian intensity
distribution can be achieved in the far-field, as can be seen in Figure 4.8, where a
comparison of the far-fields of a standard SIL and two eSILs is shown.
For the fabrication of eSILs, a very flexible way in terms of the material prop-
erties is provided by using polymers. A prominent technique to manufacture
nearly arbitrary shaped three-dimensional microstructures is two-photon direct
laser-writing [181, 182]. With this technique, it is possible to build SILs with a
non-spherical shape in high quality. In Section 7.2, a description of DLW is given
and it is shown that DLW is also an ideal method to fabricate three-dimensional
quantum optical elements by functionalisation of DLW-photoresists with optically
stable quantum emitters [177] – a technique that also can be easily applied to the
eSILs. Examples of eSILs fabricated with DLW are shown in Figure 4.9. The
eSILs shown are fabricated in a single step of DLW. In order to maintain a re-
fractive index contrast at their lower side, the eSIls are fabricated sitting on small
pedestals. Integration of emitters using the techniques introduced in Section 7.2 is
in principle possible, but has not been done yet. This would open a way to versa-
tile, robust, and inexpensive optical elements for efficient integrated single photon
sources and optical interconnects between individual quantum systems. The lenses
are applicable for any kind of emitter, such as molecules, quantum dots, or defect
centres in diamond. Most importantly, even for a realistic low numerical aperture
of the collection optics, the presented design leads to a drastic increase in collection
efficiency.
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a b
Figure 4.9.: Laser-written elliptical SILs. In (a), a scanning electron micrograph
of eSILs with varied parameters is shown while (b) is a zoom to one particular
eSIL. The eSILs are mounted on small pedestals in order to maintain a contrast in
refractive index at their lower surface. Scalebars are 10 μm and 2 μm in (a) and
(b), respectively. (Figure adapted from [187])
Chapter Summary: Collecting Photons
In this chapter, at first the basics of optical microscopy, and especially confocal
microscopy, were briefly reviewed from an experimentalist’s point of view. For the
collection of single photons from nano-sized emitters like NV centres, microscopy
using high numerical aperture objectives is the standard way. In the second part of
this chapter, two ways to increase the efficiency of photon collection, a resonant and
a geometrical approach, were introduced. For efficient collection of photons using
the geometrical approach, numerical calculations of elliptical solid immersion lenses
were carried out. These lenses enable for highly efficient photon collection even
with small numerical aperture optics. Later in this thesis, in Section 7.5, another
geometry for collecting photons, parabolic nanoantennas, will be fabricated and
characterised.
Having now ways to collect single photons from quantum emitters, the next step
towards fabrication of hybrid quantum devices is controlled integration of quantum
emitters. For this, in the next chapter the techniques of atomic force microscopy
and nanomanipulation are introduced.
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5. Atomic Force Microscopy and
Nanomanipulation
After the introduction of optical microscopy in the previous chapter, here, the basics
of atomic force microscopy are introduced in Section 5.1. Atomic force microscopy
not only enables for imaging of nano-sized objects, but also enables for changing
the objects’ positions. In Section 5.2, techniques for manipulation the position of
particles on the nanoscale are introduced. One special technique of nanomanipu-
lation, the pick-and-place procedure, which allows for placing of pre-characterised
nanoparticles in a very controlled way, is explained in Section 5.3. This technique
is published in Review of Scientific Instruments with the title A scanning probe-
based pick-and-place procedure for assembly of integrated quantum optical hybrid
devices [91].
5.1. Atomic Force Microscopy
Atomic force microscopy is probably the most versatile technique in the field of
scanning probe microscopy. Since its invention by Binning, Quate, and Gerber [188]
it has found applications ranging from material science and nanotechnology [189,
190] over chemistry [191, 192] to biology and medicine [193, 194]. It also serves
as the basis for many other scanning probe techniques, because its feedback signal
allows for easy and reliable height control. This is not necessarily the case for
several other types of probes, including many of the today used schemes for scanning
near-field optical microscopes [195, 196]. One special kind of such a microscope,
the quantum emitter fluorescence lifetime imaging microscope, will be introduced
in Section 9.3. In the following, an introduction to the basic working principles
of an atomic force microscope (AFM) is given. This introduction is focussed on
what is needed and used in later chapters and omits many exciting techniques and
application. A broader overview is given for example by Eaton and West [197].
5.1.1. Operation Principle
In atomic force microscopy, the probe, usually a tip with a small radius of curvature,
is brought into contact with the sample. Contact here means so close that short
length-scale forces, like repulsive Coulomb or Pauli exclusion forces and attractive
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Figure 5.1.: AFM operation principle. (a) shows the scheme of operation. The
force F between tip and sample is converted into an electrical signal by a transducer
and is fed to a feedback loop. This loop controls the distance z between tip and
sample. By scanning in x and y direction, topographic information can be acquired.
(b) shows an optical lever. Bending of an cantilever leads to deflection of a light
beam at a position sensitive detector.
Van-der-Waals forces [198, 199], are dominating. These forces between tip and
sample are converted into an electrical signal and then used in a feedback loop to
control the tip’s height. This working principle is shown in Figure 5.1 (a).
The transducer can be anything capable of transforming the force on the tip to an
electrical signal with high precision. Today however, the so called optical lever [200]
is used nearly exclusively. It consists of a collimated light source (usually a laser),
whose beam is reflected by a cantilever onto a position sensitive detector (usually a
quadrant photodiode). The AFM tip is mounted at the free end of the cantilever,
so that any force applied to it leads to a bending of the cantilever. This bending
now is detected on the position sensitive detector as a deflection of the reflected
beam. A sketch of an optical lever is shown in Figure 5.1 (b).
In order to image a sample with an AFM, the tip or the sample have to be raster
scanned in x/y-direction, also the tip-sample distance has to be controlled. Today,
these movements are mostly done using piezoelectric scanners, which can offer a
sub-Angstrom resolution while having scan ranges of many micrometres.
The feedback usually is realised using a PID (proportional-integral-derivative)
controller [201]. Often the derivative part is omitted, but the device still called
PID controller [197].
5.1.2. Operation Modes
An atomic force microscope can be operated in many different ways, depending on
what kind of forces are dominating the interaction and how transducer and feedback
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Figure 5.2.: Modes of AFM operation. (a) shows the Lennard-Jones-potential in
units of 4ε and σ (see Equation 5.1). The circle indicates the set point in contact
mode, which is a constant force mode. The sine indicates the range of distances used
in tapping mode, where the amplitude of an oscillation is used for feedback. (b) is
an illustration of contact mode operation. The tip moves along a line of constant
force. (c) shows tapping mode operation. The tip oscillates over the surface with a
controlled amplitude.
are realised. In this work, only two of the modes are used, namely contact mode and
tapping mode (also called intermittent contact mode). To illustrate these modes,
Figure 5.2 (a) shows an often used approximation for the tip-sample potential, i.e.,
a Lennard-Jones-potential. It describes the interactions between uncharged and












with two parameters ε and σ. The power of 12 in the repulsive term of this potential
is chosen for convenience, the only constraint on it is to be higher than the power
of 6 at the attractive dipole term. The use of a Lennard-Jones-potential here is a
rather coarse approximation which omits many effects, for example chemical bonds
or capillary forces, that can be very strong under ambient conditions. Measuring
and modelling this potential is the subject of force spectroscopy, an non-imaging
AFM technique where the forces are measured when the probe is approached to
and retracted from an object of interest [199].
When the AFM is operated in contact mode, or more specific constant force
contact mode, the feedback is set to achieve a constant force (in vertical direction)
between sample and probe. In optical lever AFMs, this corresponds to a constant
deflection in the vertical direction on the quadrant photodiode. Contact mode AFM
is a so called static mode, where probe does not oscillate, opposed dynamic modes
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like tapping mode. Contact mode atomic force microscopy makes the probe stay on
an iso-force surface, as shown in Figure 5.2 (b). The forces that have to be applied
in contact mode to get a reasonable feedback signal are typically higher than the
forces in tapping mode. This will be important in Section 5.2, since control over
the force is one crucial point in doing nanomanipulation.
Tapping mode is a dynamic mode, where a mechanical oscillation of the can-
tilever is driven at a high oscillation amplitude, as shown in Figure 5.2 (a) [197].
During the cantilever’s oscillation period, it is both, distant to the sample in the
attractive region of the potential and in contact. The large oscillation amplitude
makes tapping mode very robust against disturbances and allows for relatively easy
detection. With a lock-in amplifier, amplitude and phase are deduced. Usually, in
tapping mode only the amplitude is used for feedback. Nonetheless the phase signal
can carry a lot of information, for example on the dissipated energy and hence on
the mechanical properties of a surface [203].
5.2. Nanomanipulation
In addition to its imaging modes, there exist a lot of more ways in which an AFM
can be operated. With precise control over the applied forces, it is a useful tool
for manipulating objects on the nanoscale [190, 204]. This is important in order to
build nanodevises, where several different objects are coupled in order to control
light matter interaction [205, 206]. Another often used tool for nanomanipulation,
which will not be introduced here in detail, is a scanning electron microscope with
additional manipulators, for example piezo-driven tungsten tips [207], inside the
vacuum chamber [208].
In AFM nanomanipulation, the two modes introduced in Section 5.1.2 can be
used. Since the same tip is used for imaging and for manipulation, it is not possible
to acquire live-images while manipulating a sample as it is possible in the case
for SEM manipulation. To have some kind of independent imaging system, AFMs
are often mounted on optical microscopes. However, since optical microscopes are
bound to the diffraction limit [209] (unless complicated and/or time consuming
superresolution techniques are used [210]), this is not a real substitute for scanning
with the AFM when doing nanomanipulation.
Usually tapping mode is used for mapping and contact mode is used for manip-
ulation, hence the process of moving nanoparticles works as follows:
• the area of interest is identified
• a scan in tapping mode reveals the positions of the particles without changing
them, since only a small force is applied












Figure 5.3.: AFM nanomanipulation. (a-d) show the process of positioning a
nanoparticle. In (a), the particle’s position is measured by scanning in tapping
mode. (b) and (c) show how the position is then changed by moving the tip along
a manipulation path in contact mode. In (d), the position is measured again in
tapping mode. (e) and (f) show diamond nanoparticles before and after manipu-
lation, respectively. Two things that can happen during manipulation are visible:
a slight change in the tip shape noticeable by looking at the shape of the particles
and a new particle appearing along the manipulation path (indicated by the dotted
circle). Scalebar is 500 nm.
• a scan in tapping mode is performed to check the positions of the particles
• if the particles are not at the desired positions, the two previous steps are
performed until success
Figure 5.3 shows a sketch of the process and an example of manipulated particles.
Furthermore, with nanomanipulation it is not only possible to change the position
of particles, but also their shape can be modified. In Figure 5.4 it is shown how this
can be applied to chemically grown gold nanowires (see also Sections 8.2 and 9.3).
Recently, this controlled shape and position manipulation of silver nanowires has
been used by Kumar et al. to efficiently couple a nanodiamond containing a single
NV centre efficiently to a plasmonic gap waveguide, where the gap waveguide was
build in-situ from two silver nanowires [211].
The described process of nanomanipulation can in broad sense be seen as a kind
of scanning probe nanolithography [212]. Another scanning probe nanolithography
technique is dip-pen nanolithography, where molecules are transported from the
tip of an AFM to a sample [213, 214]. This technique can also be applied to
nanoparticles, for example nanodiamonds [206]. A controlled variant only involving
exactly one pre-selected particle is introduced in Section 5.3.
Nanomanipulation itself is not limited to scanning probe techniques. There also
exist other approaches, notably direct manipulation of particles by the electron
beam of a scanning or transmission electron microscope [215] or trapping with
near-field optical tweezers [216]. Near-fields have to be used here, since conventional
far-field optical tweezers [217] work only on scales of microns, mainly due to the
diffraction limit.
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Figure 5.4.: Manipulation of gold nanowires. (a-d) show different stages of the
manipulation of two crossed gold nanowires. In between these images many ma-
nipulation steps were performed in order to change the shape in a controlled way.
In (b) it is visible that the wire has been cut. The piece cut of is removed from the
structure in (d). Scalebars are 2 µm.
5.3. A Pick-and-Place Procedure for Nanoparticles
In the following, a newly developed technique for the deposition of single pre-
selected particles on structures of nearly arbitrary shape is introduced. Parts of this
section have also been published as A scanning probe-based pick-and-place procedure
for assembly of integrated quantum optical hybrid devices in the journal Review of
Scientific Instruments [91].
One possibility for the integration of single quantum emitters into nanophotonic
structures such as microcavities [158], optical antennas [218] or waveguides [219]
is to use the so called hybrid approach [108]. In this approach, a combination of
different constituents, such as different materials, is used in order to make use of
their advantages while avoiding their disadvantages. The nitrogen vacancy centre
(NV centre, see Chapter 3) is especially suited for this since it is a stable and bright
single photon emitter even under ambient conditions [74, 220]. In contrast to top-
down approaches, where lithography is used to define structures [221, 222] and NV
centres are created by ion implantation in diamond crystals [223, 224], the hybrid
approach relies on fabricating a structure from the best suited material and adding
a nanoparticle for functionality later on. For this purpose, diamond nanocrystals
containing single defect centres are used. The nanodiamonds can be positioned
using nanomanipulation either in a scanning electron microscope (SEM) with a
manipulator [171, 207] or with an AFM [170, 172, 206]. While the controlled picking
and placing of nanoparticles is possible [171], a technique to pick up pre-selected
nanoparticles with an AFM is desired, since it works under ambient conditions
and an AFM can be easily integrated into the optical microscope needed for pre-
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Figure 5.5.: Experimental setups for pick-and-place. Photographs of the body of
a Zeiss Axiovert 200 microscope converted to a confocal microscope with the AFM
atop and removed are shown in (a) and (b), respectively. (c) shows a top-view
photograph of the homebuilt confocal microscope [227]. (d) is a detailed view of a
special holder consisting of three posts for mounting the AFM to approach complex
shaped items, e.g., an optical fibre. The dashed circles label the AFM mounts, 1
labels the sample holder, and 2 labels the piezo sample scanner. (Figure adapted
from in [91])
characterisation. Picking up nanoparticles with an AFM has been achieved for
metallic particles using electrostatic forces [225] or chemical treatment of the AFM
tip [226], while the technique introduced here in principle works for any particle
and needs no chemical treatment or other special additional forces.
5.3.1. Experimental Setup
The experimental setup for the pick-and-place process consists of an inverse con-
focal microscope with an AFM atop. Two different microscopes are used. One
is a Zeiss Axiovert 200 (see Figure 5.5 (a) and (b)), the other one is a homebuilt
system [227] (see Figure 5.5 (c)). Additionally, a special holder is constructed to
allow for AFM manipulation on more complex or fragile photonic structures, such
as optical fibres (Figure 5.5 (d)). While the AFM used is a tip scanner with three
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axes, the confocal microscope has a 2D piezo sample stage and a piezo actuated
z-axis objective positioning system. In this way, the nanoparticle sample as well as
the AFM tip can be positioned independently relative to the laser focus.
A sample is produced by spin-coating of an ensemble of nanodiamonds from a
solution on a glass cover slip. The solution is a suspension of centrifuge cleaned
nanodiamonds in water with 0.02% polyvinyl alcohol added. On such a sample, in-
dividual nanodiamonds are pre-characterised prior to the pick up procedure. Light
from a pulsed laser with a wavelength of 532 nm and a repetition rate of 10 MHz
is focussed on a nanodiamond via a high numerical aperture objective. Its flu-
orescence is dispersed by a grating spectrometer to identify a characteristic NV
spectrum. Autocorrelation measurements of the fluorescence were performed with
the help of a Hanbury Brown and Twiss setup consisting of a 50/50 beam splitter
and two avalanche photo diodes (see Section 2.4.2). By evaluating the autocorrela-
tion function g(2)(τ) at τ = 0, the number of emitting NV centres in the nanodia-
mond is determined. Only nanodiamonds containing a single NV centre, i.e., those
with a vanishing peak at g(2)(0) = 0 were used for the subsequent pick-and-place
procedure.
A homebuilt nanosecond pulse counter is used for monitoring the optical signal
and for converting the digital signal of the APDs to an analog voltage which is fed
to one of the analog to digital converter of the AFM. This provides the opportunity
to directly overlay topography and optical signal. The AFM is controlled with its
standard software while home made software and a multi-function data acquisition
card are used to control the confocal microscope.
5.3.2. The Pick-and-Place Procedure
In the actual pick-and-place procedure, the pre-characterised nanodiamond is placed
into the optical focus of the confocal microscope and is identified with the AFM by
scanning the tip over the focus in intermittent contact mode. In addition to the
standard AFM images like topography and phase, also the optical signal from the
optical microscope versus tip position is recorded. To suppress the excitation light,
a longpass filter at λ = 590 nm is used. With the AFM approached, an additional
shortpass filter at λ = 740 nm is employed in order to suppress the infra-red AFM
laser.
The optical signal consists of two contributions. Firstly, there is a constant fluo-
rescence signal from the NV centre in the laser focus. A second contribution stems
from fluorescence of the AFM tip, which depends on the position of tip relative to
the focus. Thus, scanning the tip over the laser focus results in an AFM topogra-
phy image together with an optical image of the focus area. Figure 5.6 (a,b) show
the AFM topography and the optical image, respectively, with a single nanodia-
mond in the laser focus. In some cases (Figure 5.6 (b)) the fluorescence drops at
60














































Figure 5.6.: Pick-and-place process. (a) shows a topography image of a nanodia-
mond in the spot of a confocal microscope’s laser. (b) is an optical image, i.e., it
shows the detected fluorescence signal versus tip position. In this measurement, the
collected fluorescence is reduced when the tip scans across the diamond nanoparti-
cle (see text). Scalebars in (a,b) are 100 nm. (c) shows the detected fluorescence
signal when picking up the diamond. In this measurement, the fluorescence in-
creases when the tip is at the sample surface. After a first unsuccessful attempt
where the fluorescence had fully recovered the pick up procedure was repeated, and
finally the nanodiamond is picked up indicated by a drop of the fluorescence signal
to the background level. (Figure adapted from [91])
the nanodiamond’s location. This is either due to a modified scattering of the tip’s
fluorescence towards the collection optics of the confocal microscope when the tip
is scanned across the nanodiamond or quenching of the nanodiamonds fluorescence
due to the tip (see Chapter 9). If the density of nanodiamonds on the substrate is
sufficiently low, a single diamond nanoparticle can be identified in the laser focus
unambiguously.
The pick up procedure is started by positioning the AFM tip above the nanodia-
mond. Then, the tip is pressed on the centre of the particle in contact mode. A force
of up to 1 µN is applied, which is sufficient to attach the particle to the tip due to
surface adhesion. Simultaneously, the fluorescence is observed. If the nanodiamond
is picked up successfully, the fluorescence signal drops to background level after the
tip is retracted (see Figure 5.6 (c)). In order to ensure that the nanodiamond is
picked up by the tip and not only pushed out of the laser focus, the sample stage
is used to scan the vicinity of the original nanodiamond position. If the pick up
was not successful the tip is pressed on the nanodiamond again until it is finally
picked up. From time to time, an additional topography image with the AFM in
intermittent contact mode is taken in order to determine the diamond’s position.
This is necessary, because the diamond sometimes moves a distance on the order of
the tip radius when touched by the AFM tip. In the experiments performed here,
a pick up was always possible, even if it could take a large number of approaches
(sometimes over 50).
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Figure 5.7.: Scheme of the nanodiamond pick-and-place procedure. In (a), the
sample is scanned in the confocal microscope in order to find and optically charac-
terise a nanodiamond. In (b), the AFM tip is scanned across the focal region of the
microscope to identify the chosen nanodiamond. In (c), the tip is pressed on the
nanodiamond. In (d), the nanodiamond sticks to the tip. In (e), the tip is pressed
on a new structure to deposit the nanodiamond. Finally, in (f), the diamond is
positioned at the desired position. (Figure adapted from [91])
After being picked up, the nanodiamond can be transferred to any structure
accessible with the AFM. It is even possible to transport the whole AFM to another
setup without losing the nanodiamond. If the new structure is not suitable for
confocal microscopy with simultaneous AFM access, care has to be taken that the
diamond can be clearly identified after it has been deposited. Therefore, a small
area (e.g., 0.1 μm2) on the targeted structure is scanned by the AFM in intermittent
contact mode. In this scanning process it is unlikely to lose the diamond as long as
there are no sharp edges on the target surface. The diamond is then deposited by
pressing the tip on the surface with a force of up to 1 μN and the area is scanned
again. This is repeated until the nanodiamond appears on the topography image.
In contrast to the pick up process, this is not always successful. Only approx-
imately one third of the diamonds picked up could be placed again. This is at-
tributed to nanodiamonds sticking at the side of the tip instead of the tip apex.
When pressed to the surface, these nanodiamonds are pushed further along the
side of the tip until they can not reach the surface anymore. Obviously, there is
always a competition among adhesion between the nanoparticle and the tip and
the nanoparticle and the target surface, respectively. When a diamond is lost, a
new cantilever is used to make sure that the diamond deposited is really the one
pre-characterised before. A sketch of the whole procedure is given in Figure 5.7.
The technique is presented here for nanodiamonds, but in principle, it is possible
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to extend it to any other nanoparticle since it only relies on surface adhesion and
does not require a chemical functionalisation of the surfaces.
The pick-and-place procedure has to be refined if the targeted structures have
sharp edges near the desired nanoparticle position. Examples are photonic crystal
cavities (see Section 6.1) [228] or photonic crystal fibres (see Section 6.2) [229].
In this case, a two-step process is needed. The nanodiamond is first placed on a
smoother area of the target structure. Then, an AFM topography image of the
targeted region can be taken with the bare tip. In this way, the risk of losing the
nanodiamond when scanning tip and nanodiamond across sharp edges is avoided.
With the targeted region well identified via the AFM topography image, the dia-
mond is finally transferred to its target position by a second pick-and-place process.
One disadvantage of this two-step process is the lack of optical control during the
second pick up, what makes the whole process more time consuming, since after
each try an AFM scan has to be performed in order to determine if the nanodiamond
has been picked up.
In principle, the pick-and-place procedure can be performed with any AFM can-
tilever, but for optimum performance, there are some requirements. First, it is
advantageous for the cantilever tip to have a radius of curvature which is large,
since the probability for the nanodiamond to attach to the tip’s side rather than
to its apex decreases with increasing radius. On the other hand, the radius of
curvature has to be sufficiently small to identify single nanoparticles in an AFM to-
pography image. Second, ductile tips are preferred because they do not break when
being pressed multiple times on the sample. Third, the tip material is important,
because the adhesion forces strongly depend on the involved materials [230]. Ex-
periments performed showed that these requirements are best met by metal coated
silicon tips, which are commercially available, for example Au and Pt/Ti coated
cantilevers from MicroMasch. These tips seldomly break compared to uncoated
ones, have a higher radius of curvature (approx. 40 nm), and it is possible to de-
form them by pressing them on the substrate or on a nanodiamond. Examples of
used Pt/Ti coated tip can be seen in Figure 5.8.
An intuitive example which underlines the versatility of the pick-and-place pro-
cess is its application to diamond crystals grown by chemical vapour deposition
on iridium [231]. These diamonds use nanodiamonds as seeds and are grown to a
size of several hundreds of nanometres. The diamonds were provided by Christoph
Becher’s group in Saarbrücken. They are known to host single silicon-vacancy cen-
tres (see Section 2.5.4) [76, 231], what makes control over their position especially
interesting.
The diamonds are grown on an iridium surface on a silicon substrate, which
is non-transparent and therefore makes optical feedback by looking from beneath
impossible. For this reason, just the feasibility of picking the diamonds up and
placing them again is shown here. This technique then can be applied to pre-
63
5. Atomic Force Microscopy and Nanomanipulation
Figure 5.8.: SEM image of Pt/Ti coated cantilever used for the pick-and-place
procedure. The tip is flattened by being pressed on the surface in order to pick up
a nanodiamond. Scalebar is 1 μm. (Figure also published in [91])
characterised and structured samples in order to pick up that diamond that matches
the requirements for a specific task. In Figure 5.9 AFM images of CVD diamonds
and the application of the pick-and-place process is shown.
Chapter Summary: Atomic Force Microscopy and
Nanomanipulation
In the first section of this chapter, the technique of atomic force microscopy was
introduced. Using atomic force microscopy, nanoscale objects can be imaged with
high resolution. Also, different modes and contrast mechanisms can be used, making
an AFM a very versatile instrument. In the second section, it was shown how
the positions of nanoparticles can be manipulated with an AFM. This enables for
precise positioning and complex arrangements of nanoparticles. In the last section, a
technique to pick up a pre-selected nanoparticle and place it at another position in a
very controlled way was shown. Together with the concepts and methods introduced
so far in the previous chapters (the introduction of single photons and the NV centre
in nanodiamond in Chapters 2 and 3, respectively, as well as techniques to collect
single photons efficiently in Chapter 4), the pick-and-place technique allows for the
assembly of hybrid quantum devices, as shown in the next chapter.
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Figure 5.9.: Pick-and-place of CVD diamonds. In (a-c), a diamond is moved
and subsequently picked up with the AFM. Note the clear modification of the
topography image in (c), which results from the change of the tip’s effective shape
when the diamond is attached. In (d-f), the diamond in the lower left is picked up
and placed again. Scalebars are 400 nm.
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6. Nanoassembled Hybrid Photonic
Structures
In this chapter, hybrid photonic structures are shown. The structures are build
using nanomanipulation processes as reported on in Chapter 5. Especially the
pick-and-place process will be used. The hybrid structures introduced are based on
single NV centres in nanodiamond as single photon emitters.
In the first part, resonant enhancement of the zero phonon line of a NV centre
via the Purcell effect by integration of a NV centre in a photonic crystal cavity
is shown. In the second part, a directly fibre integrated single photon source is
introduced which consists of a nanodiamond placed onto the cleaved facet of an
optical fibre. The experimental results in this chapter have been reported in Applied
Physics Letters wit the title Enhancement of the zero phonon line emission from a
single nitrogen vacancy center in a nanodiamond via coupling to a photonic crystal
cavity [228], in physica status solidi (b) with the title Coupling of single nitrogen-
vacancy defect centers in diamond nanocrystals to optical antennas and photonic
crystal cavities [232], and in Nano Letters with the title Fiber-Integrated Diamond-
Based Single Photon Source [229].
6.1. NV Centre in Photonic Crystal Cavity
The NV centre in diamond (see Chapter 3) is a very promising resource for quan-
tum information processing [233], since it emits single photons [74], can serve as
qbit [121], and even entanglement between remote NV centres has been demon-
strated [35]. But besides many advantages, there are some drawbacks of the NV
centre, namely its small Debye-Waller factor [234] and its coupling strength to
electromagnetic fields, which is small when compared to other solid-state systems
such as quantum dots [235]. While the small electromagnetic coupling leads to a
comparably small photon emission rate, the small Debye-Waller factor reduces the
number of photons emitted in the zero phonon line (ZPL) to about 3% even at
liquid helium temperatures [234].
One way to mitigate these drawbacks is to enhance the zero phonon line of the
NV centre via the Purcell effect [30] by putting it inside an optical microcavity. As
a reminder to Section 2.2, the governing formula is introduced here again. Due to
the Purcell effect, the spontaneous emission gets enhanced by a factor, the so called
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with the wavelength of the cavity resonance λc, the quality factor (Q factor) of the
cavity Q, the refractive index of the cavity n, and the effective mode volume Veff .
Clearly, the figure of merit to maximise here is the ratio Q/Veff .
6.1.1. Gallium Phosphide Photonic Crystal Cavities
One system, which yields high values of Q/Veff , are cavities in two-dimensional
photonic crystal slabs [28, 158]. They have the ability to confine light to a volume
of the order of the cubic wavelength, while still having a high quality factor. For
example in Reference [236] a volume Veff = 1.7λ
3
n3 and a quality factor of Q = 9 · 10
5
is reached for a cavity in silicon. Since here the coupling of of a NV centre to
the cavity is desired, another material, which is transparent in the corresponding
spectral range, is needed. For this purpose, gallium phosphide is chosen. It has a
high refractive index of 3.3 [237], is transparent at a wavelength of 638 nm, and there
exist fabrication processes that allow for creation and structuring of free standing
membranes and hence the production of photonic crystal cavities (PCCs) [238]. The
PCCs used here are made from a 70 nm thick heteroepitaxial gallium phosphide
layer grown on a Si(100) substrate, which is under etched after the PCCs are
structures via electron-beam lithography and subsequent dry etching [232].
The photonic crystal cavities produced are so called L3 cavities [239] with a
designed resonance frequency of 638 nm. They consist of three missing holes in
a photonic crystal slab with some of the surrounding holes shifted for optimisa-
tion [240]. An scanning electron microscopy image of such a structure is shown in
Figure 6.3 (c). Their Q factors are around 103.
6.1.2. Process of Coupling PCC and Nanodiamond
To bring a NV centre inside the cavity, the pick-and-place approach is used, i.e., a
nanodiamond containing a single NV centre is transferred to the cavity by means
of nanomanipulation (see Section 5.2). This is in contrast to the bulk diamond ap-
proach, where the whole cavity is built from diamond and either naturally occurring
or implanted centres are used [241–243].
The detailed process of bringing a single NV centre into the PCC works as follows:
1. A nanodiamond on a cover slip is pre-characterised in terms of the spectral
position of its zero phonon line and g(2)(0) value.
2. PCCs are characterised and one with a matching or slightly higher resonance
wavelength of the fundamental mode is chosen.
68
6.1. NV Centre in Photonic Crystal Cavity (PCC)
3. If necessary, the tuning technique described below is used to match the reso-
nance frequencies of ZPL and PCC.
4. The diamond is picked up and placed on the PCC sample near the photonic
crystal membrane. (for details of the two-step pick-and-place procedure see
Section 5.3)
5. To enable for direct placing of the nanodiamond inside the cavity, the cavity
is scanned with the AFM, so that it can be directly addressed with the AFM
later.
6. The diamond is picked up again and placed directly inside the cavity.
7. AFM nanomanipulation techniques are used to fine-position the diamond.
In step 2, a way of characterising the PCCs is needed. This can be done in
different ways like using crossed polarisation imaging [237, 244], coating the cavities
with dye molecules [245], or using the autofluorescence of the material itself [246].
Here, the latter technique is used. A 532 nm laser is focussed on the PCC and
excites autofluorescence. At the spectral position of the cavity resonances this gets
enhanced via the Purcell effect (see Equation 6.1), the same effect which will be
used to enhance the NV centre.
In step 3, the cavity is tuned. This is done by shining in a focussed 407 nm laser
beam, which gets absorbed by the membrane, because its photon energy is higher
than the gallium phosphide band gap [247]. Shining in the laser causes the PCC
resonance to shift to longer wavelengths due to heating of the membrane, but after
the laser is turned off the resonance is permanently shifted to shorter wavelengths.
It is assumed that this permanent effect is caused by an oxidation process, which
alters the effective cavity geometry [248]. The size of the shift is found to depend
mainly on the power of the incoming laser, not on the time it is shone in (see
Figure 6.1 (a)). Also, the quality factors are unaffected by this process, as long as
the tuning distances do not get to large (see Figure 6.1 (b)).
6.1.3. Experiment of Coupling PCC and Nanodiamond
Following the coupling process described in Section 6.1.2, at first the steps 1-3 are
carried out. The diamond is pre-characterised, a cavity is chosen and tuned to
the wavelength of the NV centre’s ZPL. The results of this pre-characterisation are
shown in Figure 6.2. A clear antibunching dip in the measured autocorrelation
function is visible at zero time delay indicating single photon emission from the NV
centre. Also, the spectral position of the ZPL is matched to the cavity resonance.
Now, the pick-and-place nanomanipulation can be applied in order to couple ZPL
and cavity.
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Figure 6.1.: Photonic crystal cavity tuning. (a) shows the effect of tuning for
different laser powers. With increasing power, the measured resonance of a GaP
PCC (as shown in Figure 6.3 (c)) shifts permanently to lower wavelengths. In (b)
the dependence of the cavity’s quality factor on the tuning distance is shown. It can
be seen, that for moderate tuning distances the quality factor is nearly constant.
Only for large distances over 1 nm it clearly decreases. (Figure adapted from [232])
After successful nanomanipulation, the diamond is located in the centre of the
photonic crystal cavity, as can be seen in the atomic force and scanning electron
micrographs shown in Figure 6.3 (a,c). In Figure 6.3 (b) a FDTD calculation (see
Appendix C) of the PCC based on the geometry measured with the AFM is shown.
Clearly, the maximum enhancement of the electric field lies in the middle of the cav-
ity where the nanocrystal is placed. Due to this high overlap of field and emitter, a
huge emission enhancement is expected and in fact, as can be seen in Figure 6.3 (d),
an enhancement factor of 12.1 is observed. This factor is lower than the theoretical
value of FP = 61 obtained by Equation 6.1 when putting in the values for the qual-
ity factor Q = 603 and the mode volume Veff = 0.75(λ/n)3 inferred from FDTD
calculations. The main reasons for the difference are that the field maximum of
the cavity lies inside the GaP slab, inaccessible for the diamond and that the NV
centre’s dipoles’ orientation is not controlled and hence possibly not matched to
the fields in the cavity.
The coupling process and the large enhancement obtained here are an important
step towards more complex integrated hybrid devices, since the enhanced emission
of the zero phonon line can serve as a source of narrow band photons. Further
improvements possible are to use PCCs with higher Q values and cooling the system
down to liquid helium temperatures, where the phonon sidebands of the NV centres
are less pronounced and more photons are emitted on the ZPL from the start (see
Chapter 3). It is also noteworthy, that the coupling procedure employed works not
only for NV centres, but can be also applied to other centres in nanodiamonds or
to completely different emitters, as long as they exist in the form of nanoparticles.
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Figure 6.2.: Pre-characterisation of NV centre and PCC. (a) shows the autocorre-
lation measurement done to pre-characterise the NV centre, which is subsequently
put into a PCC. The measurement is performed under pulsed excitation with a
repetition rate of 10 MHz. (b) shows the spectra of NV centre and PCC in red and
green, respectively. The PCC is already tuned to match the ZPL. The inset shows
the whole spectrum acquired from the NV centre. (Figure adapted from [228])
Other groups have coupled nanodiamonds to PCCs as well, for example Englund
et al. [249], who moved a PCC over a substrate containing nanodiamonds – a non-
scalable way of coupling – or Van der Sar et al. [169], who used a manipulator in
an electron microscope. Both groups did not enhance the ZPL, but the phonon
sideband. Recently, in an approach using structured diamond membranes, Purcell
enhancement by a factor of 70 was demonstrated using a single NV centre at liquid
helium temperatures [242].
All these results obtained by different approaches show the feasibility of coupling
NV centres to PCCs. In future experiments it will turn out which approach is best
suited for which application, since all have their individual strengths and drawbacks.
6.2. Fibre Integrated Single Photon Source
Hybrid assembly using the pick-and-place technique can not only be used to enhance
transitions of single photon emitters, but also to build a robust single photon source
with efficient photon collection. The most direct approach in coupling the single
photons from an emitter to the guided modes of an optical waveguide is to directly
couple the emitter to the modes, without any additional optics. In the following,
this approach is pursed with a diamond nanocrystal lying directly on the facet of
an optical fibre. These results have been published in Nano Letters with the title
Fiber-Integrated Diamond-Based Single Photon Source [175].
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Figure 6.3.: NV centre coupled to a PCC. (a) shows an AFM image of the PCC
with a diamond nanocrystal. The image is taken after the diamond’s position was
fine-adjusted by moving it to the position, where the field maximum is expected.
Scalebar is 400 nm. (b) is a FDTD simulation showing the cavity’s mode while
in (c) a scanning electron image of the assembled system is shown. Scalebar is
400 nm. In (d) fluorescence spectra of the PCC before (green dots/blue line) and
after (red dots/ black line) assembly are shown. By comparison with the uncoupled
spectrum of the NV centre an enhancement factor of 12.1 is found. (Figure adapted
from [228, 232])
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Figure 6.4.: FDTD calculations of the dipole-fibre coupling efficiency. (a) shows a
scanning electron micrograph of the fibre facet. (b) and (c) show calculated coupling
efficiencies for different positions of the dipole on the fibre for a dipole perpendicular
and parallel to the fibre interface, respectively. (d) shows the characteristics of the
normalised coupling efficiency along the black lines in (b) and (c). (Figure adapted
from [229])
6.2.1. Preliminary Considerations
For fabrication of a NV centre based fibre integrated single photon source, a fibre,
a NV centre, and a method of coupling both are needed. As in Section 6.1, the
nanomanipulation techniques introduced in Section 5.2 are used. The NV centre’s
are provided in a standard way by spin-coating a nanodiamond solution on a glass
cover slip, however, the choice of an optimal fibre is more difficult. Since it proves
to be very hard to hinder all the excitation light from entering the fibre, the fibre
has to be made from a material with very low fluorescence. Furthermore, this
would allow for exciting the NV centre in a remote way with the excitation light
coupled through the fibre. Fibres with a pure silica core are hence superior to,
for example, germanium doped ones. It has to be noted that depending on the
type of fibre and manufacturer, even pure silica fibres may fluoresce strongly due
to impurities. Also, the numerical aperture of the fibre should be large in order
to collect as many photons as possible. Due to the dielectric air-fibre interface at
the fibre facet, in a solid-immersion-like manner, a majority of the photons will be
emitted into the fibre (see Chapter 4). This leads to an enhancement of the effective
numerical aperture of the fibre. For the type of fibre used in the experiment (NL-1.5-
590, NKT Photonics, NA=0.45), FDTD calculations (see Section C) show that this
effect leads to a effective numerical aperture of up to 0.77 for a dipole perpendicular
to the optical axis of the fibre. In Figure 6.4 (b-d), results of these calculations are
shown.
The geometry of the fibre used for the single photon source can be seen in Fig-
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ure 6.4 (a). The hexagonal lattice has a pitch of 1.07 µm and the holes have a
diameter of 0.7 µm. The core is realised as a single missing hole. The length of
the fibre is chosen to be on the order of 10 cm. This length still suitable for first
applications, but the background fluorescence, which scales with length, is as low
as possible.
6.2.2. Coupling of Nanodiamonds and Optical Fibres
The two-step coupling process used here is very similar to the process used in
Section 6.1. It consists of the following steps:
1. By pre-characterisation a suitable nanodiamond is chosen.
2. The diamond is picked up and placed on the fibre facet near the core.
3. To enable for direct placing of the nanodiamond on the core, the core is
scanned with the AFM, so that it can be directly addressed with the AFM
later.
4. The diamond is picked up again and placed directly on the core.
5. AFM nanomanipulation techniques are used to fine position the diamond.
With this process, nanodiamonds containing single NV centres are placed on a
variety of different fibres as can be seen in Figure 6.5. In Figure 6.5 (a) a silicon
AFM cantilever approaching an optical fibre is shown. This can be used for charac-
terisation and manipulation purposes, whereas the pick-and-placing is carried out
with platinum coated tips.
6.2.3. Fibre Integrated Diamond Based Single Photon Source
After successful assembly of the fibre integrated single photon source from a fibre
and a nanodiamond (see Figure 6.6 (b) for an AFM image), optical characterisation
of the system is carried out. For this, three different experimental configurations
are implemented, as sketched in Figure 6.6 (a). In all configurations, the excitation
light is a green laser and the detected fluorescence light is filtered by a 650 nm
long pass filter. Configuration I is a confocal configuration where excitation and
detection are done free-space using an objective lens with a numerical aperture of
0.9. In configuration II, the excitation is still performed via free-space, but the
fluorescence light is collected through the fibre and in configuration III, excitation
as well as detection are done through the fibre. Images acquired by scanning the
excitation laser over the fibre facet in configurations I and II can be found in
Figure 6.6 (e,f). Increased fluorescence at the nanodiamond’s position is found in
both configurations, indicating that the NV centre’s emission is visible from both
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Figure 6.5.: Nanodiamonds on fibre cores. (a) shows an AFM cantilever chip
(black object in the middle) clamped to a glass block approaching an optical fibre
which sits in a brass mount. The black arrow indicated where the fibre emerges
from the its mount. (b-f) show AFM images of fibre facets of cloverleaf (b,c)
and wagon-wheel (d,e,f) microstructured fibres. (b,d) give an overview of the core
regions while (c,e,f) are zooms to the white squares in (b,d). While in (c,f) the
nanodiamond (indicated by an arrow) is already put on the core, in (e) the fibre’s
core prior to coupling the nanodiamond is shown. For an AFM image of the fibre
used in the fibre integrated diamond based single photon source see Figure 6.6.
((b-f) adapted from [229])
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sides. When looking at the emission spectrum through the fibre (Figure 6.6 (c)),
large lines from Raman scattering and other background light from the fibre is
visible (black line), but after filtering with the 650 nm filter, nearly all of this light
is filtered out.
For a functional single photon source, the photon statistics (see Section 2.1.3)
is of great importance. The g(2)(0) (cf. Equation 2.16) has to be sufficiently low.
Only if its value is below 0.5, the main contribution to the photons stems from a
single emitter. Ideally, a single photon source has a g(2)(0) = 0 which is a value
that can not be reached in presence of any background. Using continuous wave
excitation light, measurements of the g(2)-function are shown in Figure 6.7 (d,e)
for the confocal configuration (I) and detected through the fibre (configuration II),
respectively. The g(2)(0)-values (deduced from a fit to a model found for example
in Jelezko et al. [89]) are g(2)(0) = 0.45 at an excitation power of 40 µW in config-
uration I and g(2)(0) = 0.36 at an excitation power of 49 µW in configuration II.
It has to be noted that no background correction has been applied to any of these
data, since for a single photon source all the photons emitted play a role.
After it is shown that the source emits single photons, the next important quan-
tity is the rate of emitted photons when the emitter is fully saturated. The corre-
sponding measurements are shown in Figure 6.7 (a,b) for configurations I and II,
respectively. A fit (red lines) yields maximum count rates of Rinf = 52.6 kcts/s
in configuration I and Rinf = 43.2 kcts/s in configuration II. Here, background
correction for a linear background is applied to the data, so in contrast to the g(2)-
functions in Figure 6.7 (d,e), only photons stemming from the NV centre contribute
to these values.
By comparison of the photon count rate collected through the NA=0.9 microscope
objective and the count rate collected through the fibre, it is possible to estimate
the effective numerical aperture NAeff of the fibre, which should be higher than the
nominal NA of the fibre due to near-field interaction at the dielectric-air interface
at the fibre facet. Assuming a uniform emission of the NV centre, this estimate is
NAeff = 0.82. This value is similar to values of usual high-NA optics, but with an
integrated and alignment-free way of coupling.
For most applications, synchronisation of different parts is required. Hence,
pulsed single photon sources are needed. It is straightforward to implement a
pulsed laser as excitation source in the integrated single photon source. By exploit-
ing the pulsed nature of the laser, another type of filtering can be implemented:
time gating. Here, only photons from defined time intervals are evaluated and oth-
ers are excluded in the TCSPC (for TCSPS see Section 2.4.1). In Figure 6.7 (c), an
antibunching measurement using time gating is shown. Photons arriving in a time
span of 3.5 ns after a laser pulse are discarded in the evaluation. In this way, all
the Raman scattering and fast decaying fluorescent background light does not con-
tribute while, due to its long lifetime, photons from the NV centre are still detected.
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Figure 6.6.: Characterisation of the fibre-coupled single photon source. (a) is a
sketch of the three different excitation and detection schemes used. Either exci-
tation and detection happens in confocal manner (I), the diamond is excited from
top and the photons are collected through the fibre (II), or both, excitation and
detection happen through the fibre (III). (b) is an AFM micrograph of the assem-
bled system with the white arrow indicating the diamond nanocrystal hosting a
single NV centre. An optical spectrum of the emission collected through the fibre
is shown in (c) as black line. The red line shows the spectrum after adding a 650 nm
long pass filter. The inset is a zoom to a part of the recorded spectrum. (d) is an
overlay from scanning electron beam and confocal image while (e) is the confocal
measurement only (configuration (I)). (f) is a micrograph measured in configuration
(II). Clearly, the fluorescence is highest at the position of the NV centre. (Figure
adapted from [229])
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Figure 6.7.: Optical characterisation of the fibre-coupled single photon source.
(a) and (b) show measurements of the saturation behaviour for the configurations
I and II, respectively. The red line is a fit to a three level model system. Satura-
tion count rates are Rinf = 52.6 kcts/s in configuration I and Rinf = 43.2 kcts/s
in configuration II. (c-e) show autocorrelation measurements in different configura-
tions under continuous wave excitation (d,e) and under pulsed excitation with time
gating applied (c,f). Red lines are fits to a theoretical model yielding g(2)(0) = 0.21
in (c), g(2)(0) = 0.45 in (d), g(2)(0) = 0.36 in (e), and g(2)(0) = 0.23 in (f). (Figure
adapted from [229])
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The measured g(2)(0)-value in configuration II is with g(2)(0) = 0.21 significantly
smaller than without the time gating.
With time gating, it is also possible to measure in configuration III, where excita-
tion as well as detection is performed through the fibre. Exciting through the fibre
means that all the green excitation light has to go through the fibre. Furthermore,
it means that the light is less focused at the nanodiamond’s location, because the
mode field diameter of the fibre is larger than the laser focus used in configurations
I and II, what makes higher excitation powers necessary. This leads to increased
background, which then is suppressed by time gating. An autocorrelation function
measured in configuration III is shown in Figure 6.7 (f). It yields g(2)(0) = 0.23. An
interesting aspect of this configuration is that no direct optical access to the fibre
facet is needed – the source is completely fibre coupled. Also, this configuration
can be used as a sensor when the environment of the NV centre is changed.
Chapter Summary: Nanoassembled Hybrid Photonic
Structures
In this chapter, two implementations of nanoassembeld hybrid photonic structures
were reported. The first structure was built in order to enhance the zero phonon
line of a NV centre resonantly by coupling it to a photonic crystal cavity. An
enhancement factor of 12.1 was observed. The second structure was a directly
integrated and efficient single photon source, consisting of a nanodiamond with NV
centre and a photonic crystal fibre. There are many interesting devices, which can
be nanoassembled with the pick-and-place technique and more structures can be
found in References [114, 250]. An alternative way to build quantum hybrid devices
without nanoassembling techniques will be shown in the next chapter.
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7. Hybrid Structures Using
Nanodiamonds and Photoresist
In this chapter, development and application of hybrid structures using a combina-
tion of photoresist and nanodiamonds with single NV centres is described. Usage
of a hybrid material is an alternative and a complement for hybrid integration us-
ing the nanoassembly techniques described in Chapter 5. Parts of the following
has been published in Scientific Reports under the title Three-dimensional quan-
tum photonic elements based on single nitrogen vacancy-centres in laser-written
microstructures [177] and other parts are submitted with the title Laser-written
parabolic micro-antennas for efficient photon collection from single NV centers.
7.1. Hybrid Materials
On-chip photonic circuits working at the single quantum level play an important
role for future quantum information processing technology [219]. Such a fully inte-
grated quantum optical technology requires active quantum systems incorporated
into resonant optical microstructures interconnected in three dimensions via pho-
tonic wires. NV centres (see Chapter 3) are ideal candidates as emitters in such
architectures [72, 89]. Extensive research efforts to couple NV centres to photonic
structures such as optical microresonators [251, 252], microcavities [169, 228, 241],
and waveguides [113, 222, 229] have been pursued either by top-down fabrication via
etching of diamond membranes [241, 252] or by sophisticated bottom-up assembly
of hybrid structures using diamond nanocrystals [169, 228, 251].
Besides the top-down and hybrid approach based on nanomanipulation (see Sec-
tion 5.2), there exists another approach based on hybrid materials. In this approach,
nanoparticles are added to the materials before building structures, instead of com-
bining ready-made structures and particles later. Recently, the incorporation of
nanodiamonds in soft glass via a melting process has been introduced, what makes
it possible to build, e.g., optical fibres [176].
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Figure 7.1.: Process of two-photon direct laser-writing. The process starts with
a photoresist, usually on a glass substrate, as shown in (a). Then, in (b), a tightly
focusses pulsed laser polymerises the resist via a two-photon process. Due to the
non-linear nature of this process, only a spot in the focal volume is polymerised.
After the polymerisation (see (c)) the sample is developed in solvents which dissolve
only the unexposed resist, leaving behind the polymerised structure (see (d)). In
(e), a scanning electron micrograph of a fabricated structure is shown (in this case
a structure for experiments with biological cells). (Figure adapted from [253])
7.2. Two-Photon Direct Laser-Writing
An easy and low-cost way of fabricating photonic structures is optical lithography
via direct laser-writing (DLW) [181, 182], where a tightly focussed femtosecond laser
beam is used to expose a photoresist (see Figure 7.1 (a,b)). Due to the non-linear
nature of the multi-photon absorption process, the photoresist only polymerises in
the laser focus, where the intensity is high. In this way multi-photon absorption
enables a sequential three-dimensional (3D) exposure by scanning the sample or
the focus of the laser. For common negative-tone photoresists, unexposed parts
are removed during a development step and the 3D polymer structures remain (see
Figure 7.1 (c,d)). DLW is well known for the fabrication of photonic crystals [182]
or other photonic elements like resonators [254, 255] and waveguides [256].
7.3. Diamond Doped Photoresist
In order to functionalise the structures with optically active material, fluorescent
dyes [257], quantum dots [258] and metal nanoparticles [259] have been incorpo-
rated in structures produced by DLW. Here, small amounts of nanodiamonds from
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Figure 7.2.: Characterisation of a test grating. (a) shows a dark-field microscopy
image of a test grating produced using the diamond doped photoresist. In (b), an
atomic force microscope image is shown. The material is only where intended and
there are no diamonds elsewhere. A confocal microscope scan is shown in (c). A
NV centre is clearly visible as bright spot in the middle of the upper half. The
inset shows the g(2)(τ) measured at that spot. No background correction is applied
to the data. Scalebars are 20 μm in (a) and 3 μm in (b,c), respectively. (panel (a)
courtesy of J. Fischer)
solution are directly mixed into a photoresist.
The photoresist used is based on the monomer pentaerythritol tetraacrylate
(PETTA) which contains 350 ppmmonomethyl ether hydroquinone as inhibitor [260].
Next, 0.25% wt of the photoinitiator 7-diethylamino-3-thenoylcoumarin are added.
Last, 2% wt of an ethanol-based nanodiamond suspension are added and stirred
overnight. Nanodiamonds are of type 1b and had a median diameter of 25 nm
(Microdiamant AG).
This special photoresist allows for the fabrication of transparent optical elements
made from an acrylate polymer containing nanodiamonds. The nanodiamonds con-
tain NV centres which are photostable even after exposure by the DLW laser. After
the DLW process they serve as integrated single photon sources. It is especially
noteworthy that this technique is not limited to NV centres in diamond nanocrys-
tals. It can be applied to any photostable single photon emitter in nanocrystalline
material, e.g., other diamond defect centres, such as silicon vacancy centres [231],
or other deep defect centres in large band gap material [261].
As a first test of the single emitter containing photoresist, test gratings are writ-
ten. The characterisation of these gratings is shown in Figure 7.2. Figure 7.2 (a)
shows a dark-field microscope image of a grating. Distinct lines are visible along
with some imperfections. With an atomic force microscope, it is verified that the
spaces between the lines are free from nanodiamonds (see Figure 7.2 (b)). Finally,
the grating is scanned with a confocal microscope in order to find nanodiamonds
containing single NV centres. In the scan in Figure 7.2 (c), a single NV centre is
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a b
Figure 7.3.: Direct laser-writing in nanodiamond photoresist. (a) is a sketch of
the direct laser writing process. A femtosecond laser beam is focussed into the
photoresist in order to polymerise well defined 3D structures. (b) shows a scanning
electron micrograph of such a structure after development. It contains several key
photonic elements, such as waveguides, couplers and microdisc resonators. Scale
bar is 5 µm (Figure adapted from [177]).
seen as a bright spot. Also visible are the lines of the grating, which are fluorescing
as well. In contrast to the NV centre, it is possible to bleach most of the photoresists
fluorescence, as it was done prior to taking this image. To prove that the object
found is an NV centre and not some other unwanted fluorescing particle, the second
order autocorrelation function g(2)(τ) is measured (inset in Figure 7.2 (c)). Due to
some residual fluorescence of the polymerised photoresist, a value of g(2)(0) > 0 is
found.
After this first proof that the hybrid material is working in principle, meaning
that it still can be used for DLW and that (single) NV centres can be found, the
next step is to manufacture more complex structures. Figure 7.3 illustrates the
production of such structures, in particular of the waveguides and resonators used
in Section 7.4.
7.4. Diamond Doped Laser-Written Microstructures
In this section, functionality and interaction of key building blocks for quantum
photonic circuitry fabricated by DLW is demonstrated. Key building blocks are
interconnects (i.e., waveguides) and functional elements like resonators and emit-
ters. Combining these interconnects is one of the main requirements for on-chip
integrated photonics.
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7.4.1. Whispering Gallery Mode Resonators
As a first component for integrated photonic circuits, disc resonators with a disc
diameter of 20 µm and a disc thickness of approximately 1.2 µm on a stem with di-
ameter 10 µm are fabricated using the photoresist functionalised with nanocrystals
(see Section 7.3).
The mode structure of the whispering gallery modes (WGMs) in the disc res-
onators is analysed by means of coupling in a tunable external-cavity diode laser
at around 770 nm via the evanescent fields of a tapered optical fibre. A sketch of
the measurement technique is shown in Figure 7.4 (a). By tuning the frequency
of the laser over the distinct whispering gallery modes, light is coupled into the
resonator (see Figure 7.4 (c)) and different modes can be observed as Lorentzian
shaped dips in the transmitted power. The polarisation of the incoming light is
chosen to maximise coupling depth. For normalisation of the data sets, at first
a reference scan with the fibre taper not being coupled is performed. These data
are then compared with the results when the same tapered fibre is coupled to the
resonator. Corresponding quality factors (Q factors) are calculated from the dips
by a Lorentzian fit function with an additional linear term to better match the local
environment of the resonances. All measurements are performed with the tapered
fibre in full contact. The observed free spectral range of 6.5 nm of the resonator
shown in Figure 7.4 (d) fits well to the expected value of 6.4 nm for a disc with
diameter 20 µm derived from geometrical considerations assuming an index of re-
fraction of 1.5. The highest Q factors are as large as 104 at a wavelength of around
770 nm (see Figure 7.4 (e)).
Next, a homebuilt confocal microscope is used to raster scan the fabricated res-
onator discs (see Figure 7.5 (a)) and to identify single NV centres by measuring the
second-order autocorrelation function g(2)(τ) in a Hanbury Brown and Twiss inter-
ferometer (see Section 2.4.2). In parallel, a grating spectrometer is used to resolve
the emission spectra of the individual emitters. Figure 7.5 (b) shows a confocal
scan of a resonator where fluorescent defects can be identified as bright spots on
the resonator. Encircled is a spot on the resonator’s outer rim where coupling to the
disc’s whispering gallery modes is expected. Figure 7.5 (d) displays an autocorre-
lation measurement of fluorescence collected from that spot. A clear antibunching
dip is observed reaching a value of g(2)(0) = 0.31 ± 0.04 as deduced from the fit
shown as red curve. No background correction is applied to these data. This mea-
surement shows that the bright spot indeed corresponds to a single NV centre in
the disc resonator.
The fluorescence spectrum of a NV centre at room temperature is typically broad-
ened over 200 nm from approx. 600 nm to 800 nm by phonon sidebands (see Chap-
ter 3). This corresponds well to the measured emission spectrum shown in Fig-
ure 7.5 (c). The peak at approximately 630 nm stems from fluorescence of the
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Figure 7.4.: Mode measurements of whispering gallery resonators produced using
the DLW in the hybrid photoresist. In (a) a tunable laser is coupled to a disc res-
onator via a tapered fibre. Upon sweeping the laser frequency, the transmitted light
is modulated by the modes of the resonator. (b) shows the 20 μm resonator being
approached by a 1.5 μm thick tapered fibre, while in (c) the scattered light when a
tapered fibre is coupled to a resonator is shown. In panels i-iv the frequency of the
light coupled to the resonator is changed from the off-resonant case to resonance.
(d) shows a scan of the laser wavelength over many modes with a free spectral range
of 6.5 nm indicated by the red arrows. (e) is a scan of a single resonator mode with
a quality factor Q of 1.2× 104. ((a,d,e) adapted from [177])
86








































Figure 7.5.: DLW resonator containing single NV centres. A diamond nanocrystal
containing a single NV centre is coupled to whispering gallery modes of a DLW disc
resonator. (a) shows the measurement scheme. Detection and excitation take place
at the same point in a confocal configuration. (b) is a scanning confocal microscope
image of the resonator disc. The circle indicates a bright spot identified as single NV
centre. Its fluorescence is analysed in (c) and (d). Scalebar is 5 µm. (c) shows the
spectrum of the collected fluorescence. The resonator modes are seen as modulation
on the broad NV centre phonon sidebands. The peak at 630 nm stems from the
photoresist and can be bleached over time. The autocorrelation function of the
fluorescence from the NV centre is shown in (d). A clear antibunching behaviour
can be seen. The red curve is a fit to the data with g(2)(0) = 0.31± 0.04. (Figure
source: [177])
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Figure 7.6.: Tuning of DLW written resonator by a 405 nm laser. Each spectrum
is integrated for 30 second while the laser is focussed on the resonator’s rim inside
a vacuum atmosphere. Vertical offsets are added for clarity and increase with
increasing time. (Figure adapted from: [177])
photoresist and bleaches after long excitation. For confocal scans and correlation
measurements this background light is suppressed by spectral filtering. In addi-
tion, there is a fine modulation of the spectrum due to the cavity resonances. It
is attributed to photons that are initially emitted into the resonator modes and
afterwards scattered out by the diamond nanocrystal. Hence, these photons are
detected in addition to the flat unmodulated spectrum emitted directly out of the
disc.
Having now single NV centres coupled to the modes of a whispering gallery
resonator, for efficient coupling two more requirements have to be met: Firstly,
the system has to be compatible with the environment in a cryostat, because in
order to get a sharper zero phonon line, the NV centres need to be cooled to liquid
helium temperatures. Secondly, there need to be ways of tuning the resonance of
the resonator, in order to match them to the zero phonon line. Both requirements
are met by the resonator-emitter system. Cooling it down in a liquid helium flow
cryostat does not destroy the structures. Also, its modes can be tuned by shining
in a focussed 405 nm laser. This laser causes a permanent change in the resonator’s
material and in this way changes the mode structure. Similar techniques are used
in References [228, 248] and in Section 6.1, but with the difference, that in the
cryostat there is vacuum. So, oxidation as process can be ruled out and the change
is probably due to a heat-induced modification of the material composition. In
Figure 7.6, subsequently acquired spectra are shown while of the resonator’s modes
are tuned.
7.4.2. Waveguides
As a second photonic element, arc waveguides from the hybrid material are built.
They have a width of 1.8 µm and a length of 40 µm. The waveguides are fabricated
close to the disc resonator in order to enable evanescent coupling to the resonator’s
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modes (see Figure 7.7 (a)). Their ability to guide light within a broad spectral
range is demonstrated by illuminating one end of the waveguide with light from a
halogen lamp as seen in Figures 7.7 (b) and (c). The blue and red circular spots
correspond to the input and output of the arc waveguide, respectively.
Coupling via the waveguides to the resonator modes is confirmed by shining
an excitation laser (wavelength of 532 nm) into one port of the waveguide and,
after blocking excitation light by a dichroic mirror, analysing the light coming out
of the other port. Obviously, the 532 nm laser excites background fluorescence
in the resonator, which is then coupled back into the waveguide. The measured
fluorescence spectrum in Figure 7.7 (e) thus shows the characteristic modulation
by resonator modes and proves a good coupling between guided modes in the arc
waveguide and confined modes in the resonator.
By moving the excitation spot of a second objective over a waveguide (see Fig-
ure 7.7 (e)), individual nanodiamonds inside can be addressed and identified as spots
with higher fluorescence. The intensity cross-correlation between the waveguide’s
two outputs shows a clear antibunching behaviour. In this way, the two output ports
can be regarded as two arms of a HBT correlator. This result highlights a way of
coupling single emitters to thin waveguides, which can possess very high collection
efficiencies, as demonstrated recently using tapered optical fibres [113, 114, 173].
Here, direct on-chip integration of such devices is shown with both waveguide ends
accessible. Detection at the waveguide’s ends can yield high count rates of after
spatial and spectral filtering. The autocorrelation function at zero time delay of
the fluorescence collected in this way is g(2)(0) = 0.37 ± 0.13 showing the single
photon character of the light (see Figure 7.7 (g)). At high excitation powers the
number of background corrected counts from the defect centre is measured to be
65000 cts/s after an additional beamsplitter, equivalent to 130000 cts/s without the
beamsplitter.
7.4.3. An Integrated 3D Photonic Circuit
Finally, the active quantum functionality of a coupled 3D system consisting of
emitter, resonator, and waveguide is verified, i.e., single photon emission to res-
onator modes as well as subsequent collection and routing via a coupled waveguide
is demonstrated. In order to do so, raster scans of the excitation spot over the
resonator disc are performed while the photons from one of the waveguide’s ends
are collected (see Figure 7.8 (a)). When the excitation laser hits the outer rim of
the resonator, the created fluorescence light is coupled to the resonator modes and
subsequently out to the waveguide, as can bee seen in Figure 7.8 (b). Therefore, the
outer rim of the resonator appears bright in the raster scanned image. Bright spots
indicate possible positions of NV centres. To identify NV centres via their non-
classical light emission, a HBT setup with the laser-written arc waveguide serving
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Figure 7.7.: Arc waveguide coupled to resonator. (a) shows a scanning electron
micrograph of a 3D arc waveguide-resonator assembly. Length of the scalebar is
5 µm. In (b), the waveguide resonator assembly is seen through the cover slip.
The upper half of the image is illuminated from below by white light. Efficient
light guiding through the arc waveguide can be seen. Scalebar is 10 µm. (c) is a
sketch of the region shown in (b) with the illuminated area marked yellow. (d) is
an illustration how the spectrum in (e) was acquired. (e) shows the spectrum of
the fluorescence detected at one of the waveguide’s ports while exciting through
the other. Resonator modes can be clearly identified. (f) is an illustration of the
experimental configuration for the autocorrelation measurement in (g). A second
microscope objective is used for excitation. (g) shows the measured autocorrelation
function of a NV centre inside a waveguide. It is acquired at both output ports of
the waveguide in a cross-correlation configuration. (Figure adapted from [177])
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Figure 7.8.: Waveguide coupling of a single NV centre inside a resonator. (a) is a
sketch of the experimental configuration. The excitation spot is scanned over the
resonator disc. Photons are detected at both waveguide outputs simultaneously.
In (b) the photon counts collected at one end of the waveguide while scanning the
excitation spot with a second objective are shown. The circle highlights the position
of a single NV centre. Shape distortions are due to non closed-loop piezo-scanning.
Scalebar is 5 µm. (c) is the cross correlation (background corrected) between the
waveguide output ports when the NV centre marked by a circle in (b) is excited.
The bin size corresponds to the repetition rate of 40 MHz. (Figure source: [177])
as beamsplitter, is used.
Figure 7.8 (b) shows this correlation measurement for the NV centre encircled
in Figure 7.8 (a). The data shown are acquired with a pulsed laser at 40 MHz
repetition rate. Background correction is applied to the data (a detailed discussion
of the background correction applied is found in Appendix D). The value of g(2)(0) =
−0.18±0.21 is far below the threshold g(2)(0) = 0.5 for having equal contributions of
two centres and proves that the main contribution to the signal stems from a single
NV centre. This clearly indicates that the NV centre emits single photons into
resonator modes, which are then coupled out and redirected by the arc waveguide.
With a single source in a resonator coupled to a waveguide, this device represents
a key integrated 3D quantum photonic circuit.
The device was produced in a one-step fabrication scheme that is easy to imple-
ment and requires no elaborate clean-room environment. The method furthermore
is not limited to NV centres in nanodiamond, but can be extended to any other
stable quantum emitter embedded in nanocrystals. The flexibility of DLW enables
immediate scaling up to more complex structures (see Figure 7.3 (b)) where single
photons are collected, sent through beamsplitters, interferometers, or other optical
elements inter-connected by waveguides in a 3D architecture. Tuning of individual
components, e.g., the resonator, and operation at cryogenic temperatures is possi-
ble as well. With (partial) metallisation of the structures embedding single photon
emitters in 3D, plasmonic structures or in metamaterials [262] can be envisioned.
The next logical step, as shown in the next section, is to perform DLW of perfectly
aligned 3D structures around emitters of known position. Such a process enables
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for on-demand fabrication of arbitrary 3D quantum photonic architectures.
7.5. Fabrication of Site-Controlled Parabolic Antennas
After the diamond doped photoresist is established, the ultimate goal would be
site-controlled fabrication of structures around diamonds floating in the resist. This
requires some improvements on the photoresist, as it should be highly viscous and
low-fluorescent, so that the nanodiamonds can be identified without floating away.
A first step towards this goal is multi-step site-controlled fabrication, as shown in
the following at the example of parabolic antennas for light extraction. Parts of the
following have been submitted with the title Laser-written parabolic micro-antennas
for efficient photon collection from single NV centers.
7.5.1. Site-Controlled Fabrication of Light Collecting Structures
As discussed in Chapter 4, controlled and efficient photon extraction from single
emitters is a key requirement for practical single photon sources needed in quantum
information technology [1]. Usually, extraction is done via microscope objectives.
However, even high numerical aperture microscope objectives only cover a solid
angle less than 2π, leading to a limited collection efficiency. The effective numerical
aperture can be increased using rather complicated 4Pi microscopy, which requires
access with two microscope objectives from two sides and two perfectly aligned fo-
cal volumes [263]. Also, many single photon emitters, like the NV centre, require
cryogenic temperatures to work properly. This usually results in heavy restrictions
on the geometry of collection optics and use of oil immersion is not possible due
to restrictions imposed by the cryogenic setups. The challenge in that case is to
not only direct as many photons as possible to one side, but also to have them in a
very small solid angle (see Chapter 4). Then, they can be easily collected even with
low NA optics and, ideally, by optical fibres. To send the photons to a small solid
angle, plasmonic nanocavities for resonant enhancement together with gratings for
directed emission have been employed on nitrogen vacancy centres in diamond re-
cently [264]. The properties of plasmonic structures are discussed in Chapter 8.
When trying to address a single pre-characterised emitter, site-controlled fabrica-
tion, where structures are build exactly at the position of the emitter, is needed.
Site-controlled fabrication of solid immersion lenses using a focused ion beam was
recently introduced to extract photons from nitrogen vacancy centres in bulk dia-
mond [265]. Another example of site-controlled fabrication is shown in Badolato
et al., where a single quantum dot out of a random two-dimensional distribution is
localised and subsequently a photonic crystal structure is fabricated around it [266].
Here, the approach of on-site fabrication of a three-dimensional optical element
around a single quantum emitter on a surface is introduced. More precisely, the site-
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Figure 7.9.: On-site fabricated parabolic microantennas. (a) shows a schemat-
ics of the fabrication process. In a first step, a grid is fabricated on a cover-slip
using DLW, subsequently, in a second step, nanodiamonds are spin-coated, pre-
characterised, and localised. In a third step, the diamonds are covered in photore-
sist and DLW is used for site-controlled fabrication. After the non-polymerised
resist is removed, a metal layer followed by a cover layer for protection is added.
In this way, a parabolic mirror aligned to a nanodiamond is fabricated. (b) shows
a schematic of the antenna structure. Photons emitted into the upper hemisphere
are redirected towards the collection optics in a very small solid angle. (c) is an
optical dark-field image of the laser-written paraboloids and the marker grid before
evaporation of the reflective silver film. (d) is a scanning electron micrograph of
the structures after the fabrication process is completed.
controlled fabrication of parabolic microantennas at the positions of pre-selected
nitrogen vacancy centres in nanodiamonds is shown.
7.5.2. Site-controlled Fabrication of Parabolic Microantennas
Due to their high numerical aperture, parabolic mirrors have been used to col-
lect light from single molecules [137, 267] or serve as imaging devices in confocal
microscopy [268–270]. When having constraints imposed by the geometry of an
experimental setup, parabolic mirrors are particularly interesting, e.g., in cathodo-
luminescence setups [271], scanning near-field microscopes [272], and ion traps [273].
By using a micro-scale implementation of the concept for light extraction from NV
centres, ultra-high saturation count rates from continuous emitting NV centres are
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obtained.
A scheme of the fabrication process can be found in Figure 7.9. Nanodiamonds
are spin-coated on a cover slip, on which beforehand a marker grid is laser-written
using a photoresist described elsewhere (photoresist D in Fischer et al. [274]). With
the marker grid it is possible to measure the relative position of nanodiamonds
containing NV centres in order to be able to re-locate them later. To prove the single
emitter nature of the NV centres, autocorrelation measurements are performed.
With the nanodiamonds’ positions known, a second photoresist (photoresist C in
Fischer et al. [274]) is drop-casted on the substrate and parabolic mirrors (diameter
d = 10 µm) with their focal point at the nanodiamond’s location are fabricated
in the following way: By exposure of the photoresist a solid three-dimensional
paraboloid is created and remaining unexposed material is removed by development
in 2-propanol and rinsing with acetone and water. Afterwards, the sample is covered
with 100 nm of silver as a reflective layer and 30 nm of magnesium fluoride as
protection layer by means of electron beam evaporation. Figure 7.9 (b) shows a
sketch of the parabolic mirror made from these layers. Figure 7.9 (c) shows the
laser-written paraboloids in a dark-field microscope before evaporation of the silver
layer while Figure 7.9 (d) shows the antennas after fabrication is completed. Also,
in both images, the marker grid used to pre-localise the nanodiamonds is visible.
It is noteworthy that the yield of the fabrication process is very high. From a total
of six fabricated mirrors all six are well aligned to the pre-localised NV centres.
7.5.3. Optical Characterisation
When optically characterising the antennas, there are two important quantities
to be measured: the total count rate of the saturated emitter and the angular
distribution of the emission. While it is desired to have the saturated count rate as
high as possible, the emission at the same time has to be as directional as possible.
The total count rate is measured by exciting the NV centre with a focused con-
tinuous wave laser beam at a wavelength of 532 nm. Light emitted is collected
through the same objective (NA=1.35), split at a beamsplitter, and focused on the
active areas of two avalanche photo diodes. In this focusing, care is taken that the
size of the image of the parabolic mirror is smaller than the active area. With this
setup, the dependence of the count rate on excitation power is measured and fitted
to the saturation dependence of a three level system which can be used to describe
NV centres [89]. Due to the high count rates achieved, the non-linearity of the
APDs and electronics is not negligible and has to be corrected for. This correction
is done with a calibration curve acquired by shining an attenuated laser beam on
the APDs and comparison of the count rates with the known laser power. No other
corrections such as correcting for losses in the optics and the quantum efficiency
are performed. Figure 7.10 shows an example of such saturation curves for a single
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Figure 7.10.: Saturation curves of a single NV centre under a parabolic antenna.
(a) shows the saturation curve in confocal configuration. In this configuration, most
of the signal reflected from the mirror is blocked by an aperture. The measured
signal is shown as black points while for the red points a linear background is
subtracted. Grey lines are a fit to a three level model [89]. The saturation intensity
Isat is 109 µW (measured before entering the microscope objective). The inset
shows the autocorrelation function of the photons collected from a NV centre under
a parabolic antenna in confocal configuration. The red line is a fit to the data. In
(b), the signal without spatial filtering is shown. Here, the photons reflected by the
mirror are not blocked and can reach the detector. An overall NV centre saturation
rate of 2.02 Mcts/s is reached.
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NV centre lying under a parabolic mirror. In Figure 7.10 (a), a confocal pinhole is
used to suppress the light reflected from the parabolic mirror, resulting in a signal
consisting almost exclusively of light that is emitted towards the objective lens in
the first place. Since in this measurement also any background fluorescence is sup-
pressed by its confocal nature, it is used to determine the saturation intensity Isat.
In Figure 7.10 (b), however, the pinhole is removed and photons from the whole area
of the mirror are directed to the APDs. Here, the level of background fluorescence is
much higher than in Figure 7.10 (a) due to the lack of confocality. This background
makes it difficult to deduce the correct saturation excitation intensity and therefore
the correct saturation count rate directly from the data in Figure 7.10 (b). Hence,
the value for the saturation excitation intensity for the confocal case is used, which,
stemming from the same emitter, is equal to the non-confocal case. The highest
saturation count rate found in this experiment stemming from a single NV centre is
2.04 Mcts/s and the mean rate for the six produced mirrors is 1.7 Mcts/s. Here, it
has to be pointed out that the huge amount of background light accompanying these
photons from the NV centre hinders direct use of the parabolic antenna structures
as single photon sources. Nevertheless, with improved low-fluorescent photoresists
or narrow-band single photon emitters, like the SiV centre in diamond [231], this
can be improved.
Figure 7.11 (a,c) show confocal fluorescence images of the parabolic antennas.
The images are acquired by sample scanning under excitation with a focused green
laser (wavelength 532 nm) and subsequent spectral and spatial filtering. In Fig-
ure 7.11 (a), the pre-characterised NV centre, indicated by a dotted white circle, is
in the middle of the mirror, which boundaries can be seen as a fluorescent circle.
Obviously, the on-site fabrication is working and emitter and micro-mirror are very
well aligned. It is noteworthy, that on this sample, out of six site-controlled fabri-
cation attempts, six resulted in aligned structures. The horizontal line in the image
is a part of the marker grid which was written using the first photoresist (photore-
sist D in Fischer et al. [274]), which possesses a higher fluorescence than the resist
used to fabricate the paraboloids. In this way, the marker grid will also stay visible
when fabricated structures overlap with the grid. Since in both resists the polymer
is the same, no disturbing refractive index mismatch occurs. In Figure 7.11 (c),
as compared to Figure 7.11 (a), the nanodiamonds are randomly distributed. The
positions of three single NV centres are marked by white dotted circles.
Besides getting high overall count rates, the other goal of coupling to the mi-
croantennas is to direct the photons to very small solid angles – a goal that the
parabolic antennas achieve as is shown in the following. Measuring the angular
distribution is achieved by back focal plane imaging [275]: The fields in the back
focal plane of an objective lens correspond to a 2D Fourier transform of the fields
in the focal plane [276] and, consequently, lateral positions in the back focal plane
correspond to lateral k-vector components of the emission pattern. Hence, the mi-
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Figure 7.11.: Confocal and back focal plane images of parabolic mirrors. In (a), a
confocal scan of a parabolic mirror centred over a nanodiamond containing a single
NV centre is shown. (d) is the corresponding back focal plane image. In the back
focal plane it is visible that the photons reflected from the mirror are directed into a
very small solid angle. (b) shows a confocal scan of a parabolic mirror with multiple
single NV centres at off-centre locations. When these NV centres are excited, the
photons reflected are not directed exactly on the optical axis of the collection optics,
but under an angle. In this way, beam-steering is achieved. (c,e,f) show the back
focal plane images corresponding to the diamonds marked with c,e,f in panel (b),
respectively. Scalebars in (a,b) are 2 μm. The dashed circles in (c-f) corresponds
to the numerical aperture of the collection optics used (NA=1.35) and the green
circles indicate in (c) the angle under which the photons are emitted.
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croscope objective’s back focal plane is imaged on an EMCCD camera in order to
obtain the angular distribution of the emission. Examples of such a measurement
are found in Figure 7.11 (c-f). In all back focal plane images background correction
was performed by subtracting the average intensity acquired at of four positions
adjacent to the diamonds position. It is found that the emission reflected by the
parabolic mirror is send to a solid angle equivalent to a NA smaller than 0.2 (de-
rived from the extent of the peak in the back focal plane images). It is noteworthy,
that in this small angle alone more photons are contained than would be collected
using a conventional microscope objective alone: the photons emitted to the entire
upper hemisphere are collected by the mirror (NA=1.52) and sent into this narrow
beam – a value higher than conventional objectives can reach. In this setup, the
beam is furthermore accompanied by the photons collected using our conventional
microscope objective (NA=1.35) resulting in the high count rates observed. By
evaluating all the light in the back focal plane and assuming isotropic emitters, a
directivity of 16 dB is found.
By looking at NV centres not located in the centre of the parabolic mirrors,
beam steering as well as the influence of spherical aberrations can be shown (see
Figure 7.11 (c,e,f)). Since the mirrors are fabricated using direct laser-writing, which
allows for nearly arbitrary shapes, in future experiments also mirrors could be used
which cancel these aberrations while maintaining the beam-steering capabilities. In
this way, efficient three-dimensional photon routing, e.g., for single photon optical
interconnects, can be fabricated.
Using the parabolic antennas, there is a drastic increase in photon collection
efficiency and emission directivity of single photon emitters. The site-controlled
fabrication process introduced here enables for achieving ultra-high count rates of
up to 2 Mcts/s from a single centre – without correcting for losses in the optics
and detector efficiencies. The high emission directivity enables for efficient photon
collection even when there are heavy constrictions on the collection optics geometry,
e.g., in a cryogenic setup.
Chapter Summary: Hybrid Structures Using Nanodiamonds
and Photoresist
In this chapter, a hybrid material has been introduced. The hybrid material con-
sists of a photoresist which is mixed with nanodiamonds. In this way, a material
was created, from which by selectively polymerisation via two-photon direct laser-
writing nearly arbitrarily shaped structures can be fabricated. This was used to
fabricate on-chip quantum photonic circuits consisting of single emitters coupled to
resonators and waveguides. Also, in a site-controlled fabrication process where the
position of the nanodiamonds was known, parabolic microantennas for the efficient
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collection of photons from single photon emitters were built. A future improve-
ment of building devices from the hybrid material developed will be the identi-
fication and characterisation of emitters inside the material while fabrication the
structures. This will enable for deterministic fabrication and coupling of different
hybrid structures.
So far, the hybrid quantum devices built were combination of dielectric materials
and single photon emitters. In the next chapter, a third ingredient will be added:
plasmonic materials like metals.
99

8. Surface Plasmon Polaritons in
Nanostructures
Surface plasmon polaritons (SPPs) are combined excitations of electron density
oscillations in a metal and a propagating electromagnetic field. In this chapter,
studies of SPPs in nanostructures are presented, which yield some interesting and
useful effects, as will be shown in the following. At first, in Section 8.1, surface plas-
mon polaritons are introduced and their properties and applications are explained.
Then, in Section 8.2, it is reported on an experiment where single SPPs are launched
on a silver nanowire. Finally, in Section 8.3, a coupling structure coupling photons
from a dielectric waveguide to SPPs on a plasmonic waveguide is shown. Parts
of this chapter are published in Optics Express with the title Single defect centers
in diamond nanocrystals as quantum probes for plasmonic nanostructures [168],
have been reported on in physica status solidi (b) with the title Coupling of single
nitrogen-vacancy defect centers in diamond nanocrystals to optical antennas and
photonic crystal cavities [232], and the calculations on the photon-to-plasmon cou-
pler are also shown in Applied Physics Letters with the title Design and numerical
optimisation of an easy-to-fabricate photon-to-plasmon coupler for quantum plas-
monics [277].
8.1. Surface Plasmon Polaritons
In this section, surface plasmon polaritons are introduced. This will start with
a short reminder on macroscopic electrodynamics and the optical properties of
metals (Sections 8.1.1–8.1.3), which is followed by derivation of SPPs at planar
interface and in the presence of losses (Sections 8.1.4 and 8.1.5). It is concluded by
highlighting their most important properties in Sections 8.1.6–8.1.9.
8.1.1. Macroscopic Electrodynamics
Electrodynamics in a macroscopic medium can be described by the four Maxwell
equations, three constitutive relations, and the Lorentz law. The word macroscopic
here means that in this equations one does not care about the individual charges,
like single electrons in a medium, but performs an average to make the otherwise
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unmanageable problem computable [23]. A derivation of the macroscopic Maxwell
equations form the microscopic ones can be found in Appendix B.
In the SI unit system, the four macroscopic Maxwell equations are given by:
∇ ·D = ρ, (8.1)




∇×H = J + ∂D
∂t
, (8.4)
with E and B being the averages over the microscopic electric field and magnetic
induction, respectively, D and H the electric displacement and magnetic field and
J and ρ are the averages of the microscopic currents and charges expressed as
densities.
The constitutive relations connecting the fields E, D, H and B are:
D = ε0E + P, (8.5)
H = 1µ0 B−M, (8.6)
where P and M describe the macroscopic quantities polarization and magnetisation,
which depend on the material involved. The permittivity of vacuum ε0 and the
permeability of vacuum µ0 are also introduced. Further,
D = D(E,B) = εε0E, (8.7)
H = H(E,B) = µµ0B, (8.8)
J = J(E,B) = σE, (8.9)
with ε, µ and σ being the dielectric constant, magnetic permeability and the specific
conductivity, respectively. Here the brackets are signalling any arbitrarily complex
dependence on E and B and the second equal sign only holds for the case of a linear
dependence [23].
Finally, the Lorentz equation describing the force F affecting a particle with
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charge q moving with velocity v is [209]
F = q (E + v×B) . (8.10)
With these equations at hand, all the phenomena of classical electrodynamics can
be described, including relativistic effects. Only effects arising from the quantum
nature of the fields need an alternative theory, giving rise to quantum electrody-
namics. However, further specifications, i.e., the explicit form of Equations 8.7, 8.8,
and 8.9, are needed when applying the theory to a realistic situation. In these equa-
tions, even in the linear case, the proportionality factors are different for different
materials and can depend on many variables, e.g., frequency or temperature.
8.1.2. Optical Material Properties
In macroscopic electrodynamics, the material properties are completely defined
via equations 8.7, 8.8 and 8.9, but the actual form of these equations has to be
determined independently, either with a microscopic theory or via experiments. To
simplify things, in the following only the linear version is used. For an overview
over the consequences of the nonlinear parts it is referred to the book of Boyd [278].
In this section, also only isotropic media are considered.
In optics, often the refractive index ñ = n + iκ is used instead of ε, µ and σ.
Here, the tilde is used to distinguish it from its real part n. Note that here other
complex quantities are split according to the form ξ = ξ′ + ξ′′. For most materials
µ ≈ 1, so in the following µ = 1 is set, but it has to be kept in mind that this is not
necessarily the case for every optical material, what can lead to interesting physical
effects not covered here. The imaginary part of the complex dielectric function ε




where ω is the frequency of a time harmonic field.
The connection of n and ε is given by [279]:
ε′ = n2 − κ2, (8.12)
ε′′ = 2nκ, (8.13)
n =
√√
ε′2 + ε′′2 + ε′
2 , (8.14)
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κ =
√√




While the imaginary part of the dielectric function ε vanishes in this approxima-
tion for non-conductors, it plays a major role in the behaviour of metals. In the
following, the Drude-model is introduced, which describes this behaviour for most
metals used in plasmonics sufficiently good.
8.1.3. Drude-Model
One classical microscopic model to describe the dielectric function of metals is the
Drude-model [279], where the conduction band electrons are described as a free
electron gas. The electrons’ equation of motion then is:
mẍ + bẋ = eE, (8.16)
with the electric field E acting locally on one of the electrons, the damping b,
and the mass m, which does not need to be identical with the electron mass me.
By combining Equations 8.5 and the linear version of Equation 8.7, the dielectric
constant ε can be expressed in terms of the electric field and polarisation:
ε = ε0E + P
ε0E
. (8.17)
The polarisation P can be connected to positions x of the electrons by noting that
each one of the electrons induces a dipole moment p = ex and that polarisation is
just dipole moment per unit volume [279]. Solving the electrons’ equation of motion,




ω2 + iγω , (8.18)
where the damping is now expressed by γ = b/m and the plasmon frequency ωp is






with the number of electrons per unit volume ρ.
Drude-Lorentz-Model
The optical properties of some metals, like aluminium, are in good agreement with
the Drude-model (Equation 8.18), while for other metal interband transitions limit
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the validity of the model. To account for these transitions, it is possible to add
oscillator terms like they are used in the Lorentz-model [279] to describe the optical
behaviour of the bound electrons in dielectrics. In this so called Drude-Lorentz-








ω2j − ω2 − iγjω
, (8.20)
where the index e denotes contributions from the free electrons and the sum runs
over all oscillator terms j with their undamped frequency ωj .
Values for the parameters in Equation 8.20 for the most common materials in
plasmonics, gold, and in the visible to near-infrared wavelength range can be found
in [280].
Limits of the Model
The Drude-model is based on the assumption of free electrons. Obviously, when the
electrons hit the surface of the metal, this is no longer true. A significant contri-
bution of this effect is expected, when the dimensions of the metal get comparable
to the mean free path of the electrons. From the shape and size of an object, an
effective mean free path L can be calculated (for example L = 43R for a sphere of
radius R) [281]. This leads to a modified damping γ [281]:




with the Fermi velocity vF .
While the effect of the reduced mean free path can be described within the
framework of the Drude-model by the small adjustment given in Equation 8.21,
the description of quantum effects requires more complex theories. In recent ex-
periments, the onset of the regime of quantum theory was shown by observing
tunnelling effects when plasmonic structures are brought close together [282, 283].
8.1.4. SPPs at a Planar Interface
In this section, a short derivation of surface plasmon polaritons at a planar interface
as solutions of the macroscopic Maxwell’s equations (Equations 8.1-8.4) is given.
The following is based on the book of Maier [284] (another derivation can be found
in this review article: [285]).
By combining the two curl equations, Equations 8.3 and 8.3, with the assumption
of time harmonic fields and negligible variations in εr = ε, the Helmholtz equation
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can be derived:
∇2E + k20εE = 0, (8.22)
with the wave vector of a propagating wave in vacuum k0 = ωc .
For a one-dimensional problem – here with an ε only depending on z – one can look
for propagating modes. The symmetry of the problem leads to E(x, y, z) = E(z)
and without loss of generality the propagation direction can be chosen to be x. This
leads to an ansatz for the electric field:
E = E(z)eiβx, (8.23)
with the x-component of the wave vector β = kx, also called propagation constant.
Putting this ansatz into Equation 8.22 yields:
∂2E(z)
∂z2
+ (k20ε− β2)E = 0. (8.24)
For the magnetic field H, a similar equation can be derived the same way.
By evaluating the curl Maxwell’s equations, Equations 8.3 and 8.3, component-
wise, it can be shown that for the conditions chosen above, there exist two sets
of solutions, i.e., transverse magnetic (TM) modes and transverse electric (TE)
modes [284]. For the TM set of modes, only Ex, Ez, and the transverse magnetic
component Hy are non zero while for TE modes the non zero components are Hx,
Hz, and the transverse electric component Ey. This reduces the curl equations and













+ (k20ε− β2)Hy, (8.27)













+ (k20ε− β2)Ey. (8.30)
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Knowing the equations for TE and TM modes, the easiest structure where SPPs
can exist, an infinite planar metal dielectric interface, can be examined.
The geometry is defined as the half space with z < 0 being metal having a
dielectric function εm with ε′m = Re(εm) < 0 and the half space with z > 0 being a
dielectric with εd and ε′d = Re(εd) > 0. Solving the TM equations (Equations 8.25–
8.27) yields for z > 0:









and for z < 0:









with the kz,1 and kz,2 denoting the z component of the wave vector in metal and
dielectric, respectively. From continuity conditions at the interface [23] it follows
directly that







Evaluation of Equation 8.27 in both half spaces yields:
k21 = β2 − k20εm, (8.39)
k22 = β2 − k20εd. (8.40)
Combining equations 8.38, 8.39, and 8.40 leads to the dispersion relation of a surface
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Figure 8.1.: Surface plasmon polaritons at a planar interface. In (a), the electro-
magnetic fields and charge oscillations of a SPP at a metal dielectric interface are
sketched. Black is the amplitude of the evanescent field in z-direction. Its decay
is much steeper at the metal side due to a shorter penetration depth. In (b), the
lower branch is the dispersion relation of a SPP on an infinitesimal damped Drude
metal is shown. For low β it lies close to the light line (dashed) and is photon like
while for large β it converges to the surface plasmon frequency ωp√2 (dash dotted).
The upper branch corresponds to non-bound modes. ((a) inspired by [286])
A sketch of such an SPP is shown in Figure 8.1 (a). For air and a Drude metal
with infinitesimal damping γ = η, the dispersion relation can be evaluated further.
Putting dielectric function of a Drude metal
εm = 1−
ω2p
ω(ω + iη) (8.42)
into Equation 8.41 and setting εd = 1 for a metal in vacuum yields [285]:
β = k0
√√√√ ω2 − ω2p
2ω2 − ω2p
. (8.43)
This relation is plotted in Figure 8.1 (b). It features two branches, whereas the
lower energy branch corresponds to a SPP. For small values of β, it lies close to the
light line and hence shows photon like behaviour. For large values of β, it converges
to the surface plasmon frequency ωp√2 . The higher energy branch does not describe a
mode bound to the metal dielectric interface, as it lies above the light line. Hence,
in the following, it will not be considered anymore.
When neglecting the imaginary parts ε′′, it follows directly from Equations 8.38
and 8.41, that bound modes only exist when
ε′m · ε′d < 0 (8.44)
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and
ε′m + ε′d < 0. (8.45)
So far only the TM modes were considered. When trying to solve the TE equa-
tions Equations 8.25–8.27, it turns out that there is no non-trivial solution. The
above problem is only solvable for TM modes. These TM solutions are the so called
surface plasmon polariatons – the main subject of this chapter. Colloquially, they
are also referred to as plasmons or surface plasmons.
8.1.5. SPPs in the Presence of Loss
For the SPP dispersion relation in Figure 8.1 (b), damping has been neglected –
an assumption that is not justified for most situations with real metals at optical
frequencies. Figure 8.2 shows the SPP dispersion relation at a metal-dielectric in-
terface 8.41 for gold and silver as metals and different constant refractive indices for
the dielectrics. The experimental data for the dielectric function of gold and silver
is taken from Johnson and Christy [287] and the purely real refractive index of the
dielectric is chosen to be ñ = n = 1, 1.5, and 2.4. These refractive indices resemble
the materials air or vacuum, glasses or polymers, and diamond, respectively. The
shape of the dispersion relation differs significantly from the dispersion relation of
an infinitesimal damped Drude metal given in Equation 8.43 and Figure 8.1. For
silver, which can be well described by the Drude model, this is mainly explained
by the introduction of loss, while for gold additional deviations are introduced by
interband transitions.
The most important difference is, that in the presence of loss it is not possible to
reach the regime of very large wave vectors [288], where the wavelength is very short
– a possibility Figure 8.1 implies. As a consequence, it is not possible to concentrate
SPPs on a planar interface far beyond the diffraction limit of the corresponding light
(see the light line in Figure 8.2). For example, for gold-air and gold-glass interfaces
like they are often used in plasmonics, the difference in wavelength is in the best
case a factor of 1.1 and 1.3, respectively. For a low loss metal like silver and a high
refractive index material like diamond this factor is 4.4 maximally. The higher the
dielectric material’s refractive index, the more the lossless dispersion is approached.
Because real metals are not perfectly conducting, SPPs get damped by Ohmic
losses as they propagate. Especially in the optical frequency range this damping
can be huge. The 1/e decay length L for the intensity is given by [185]:
L = 12 Im[β] , (8.46)
where Im[x] denotes the imaginary part of x. At a wavelength of 700 nm and an
index of refraction n = 1 for the dielectric this corresponds to 140 µm on silver and
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Figure 8.2.: SPP dispersion relation in presence of loss. (a) and (b) show the
dispersion relation SPPs at a metal-dielectric interface for silver and for gold, re-
spectively. Different purely real indices of refraction n were used for the dielectrics:
n = 1 for vacuum, n = 1.5 for glass or similar materials, and n = 2.4 for dia-
mond. The blue curves are the dispersion relations while the corresponding light
lines are given in black. Data for the dielectric functions is taken from Johnson and
Christy [287].
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26 µm on gold. For a refractive index of n = 2.4 the values for silver and gold are
7 µm and 1.1 µm, respectively. When working at telecommunication wavelengths,
i.e., around 1500 nm, the propagation lengths are considerably longer. For n = 1
they are 1100 µm on silver and 270 µm on gold (the dielectric functions for these
calculations were again taken from Johnson and Christy [287]).
Regardless of the short distances an SSP can travel at optical wavelengths, there
has been put a lot of effort into controlling and waveguiding SPPs because of
their unique ability of concentrating energy and efficiently couple to emitters (see
Section 8.1.7) [286, 289, 290].
8.1.6. Excitation of SPPs
To excite SPPs, an obvious approach is to excite them with photons. However,
as SPPs are bound modes (see their construction in Section 8.1.4), they do not
couple directly to photons. The dispersion relation in Figure 8.1 shows that the
SPP branch lies always below the light line. Therefore, it is impossible to satisfy
the need for energy and momentum conservation at the same time – at least for
the geometry of a single, planar, and infinite interface considered so far.
By altering the geometry, it can be achieved to couple photons to SPPs. One
approach, so called prism coupling, incorporates a second dielectric layer with an
index of refraction n2 higher than the index of the first material. Photons under-
going total internal reflection at the second layer’s interface will have an in-plane
momentum of kx = ωc n2 sin(θ) [284], which can be higher than the wave vector β
of the plasmon at the metal-first dielectric interface. In the so called Kretschmann
configuration, the metal layer lies between the dielectrics [291], while in the Otto
configuration [292] the lower refractive index dielectric is in the middle. In these
configurations, the SPPs are excited by photons leaking evanescently through one of
the layers, either through the metal layer in Kretschmann configuration or through
the lower refractive index dielectric layer in Otto configuration. Since this process is
reciprocal, both configuration give rise to additional damping of the SPPs through
leakage radiation. Both coupling geometries are depicted in Figure 8.3 (a) and (b),
respectively.
Another way for the excitation of SPPs through photons is not to add an addi-
tional layer to the geometry, but to structure the layers. In fact, the first report
of the observation SPPs dates back to the year 1902, when R. W. Wood wondered
about the uneven light distribution in the spectrum of a metal grating [293]. At
that time no satisfying interpretation of Wood’s results was found and the features
observed were called Wood’s anomalies [294]. What happens when SPPs get ex-
cited through a grating is that the missing momentum is provided by the grating
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Figure 8.3.: Different schemes for the excitation of SPPs. (a) and (b) show the
Kretschmann and Otto configurations, respectively. By introducing a third layer
with a higher refractive, index phase matching is achieved for SPPs at the lower
index material to metal boundary. In (c) and (d), the symmetry in propagation
direction is broken in order to achieve phase matching. A grating is introduced in
(c) while in (d) surface roughness is present. In (e) and (f), SPPs are excited by
electrons. An electron beam is passing a metal layer in (e) and a scanning tunnelling
microscope is used in (f). Not shown is the direct excitation with an emitter like it
is used in Section 8.2.
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according to the formula [284]:
β = ω
c
n sin(θ)± νg, (8.47)
with the reciprocal grating vector g = 2πa of a grating with period a and ν ∈ [1, 2, 3, ...].
Grating coupling of SPPs is shown in Figure 8.3 (c). Noticing that this coupling
only relies on the broken symmetry of the problem to match the momenta, it be-
comes clear that SPPs can also excited at rough surfaces or the end of one layer as
depicted in Figure 8.3 (d).
The effect of discontinuities is also used by apertureless scanning near-field op-
tical microscopes [295] to excite or scatter out SPPs. In contrast, in aperture
scanning near-field optical microscopy [296], an effect similar to prism coupling is
used. By funnelling light through a subwavelength hole, its momentum distribution
is broadened so that phase matching becomes possible.
SPPs can not only be excited by photons, it is also possible to excite them
directly with an electromagnetic emitter, like the ones introduced in Section 2.5.
For this process to happen, the emitter has to be in the near-field of the SPP (see
Section 8.2). Then, in addition to its optical decay channels, plasmonic ones open
up, which can become dominating, depending on the actual geometry. This process
can be imaged using quantum emitter fluorescence lifetime imaging microscopy, as
it is introduced in Section 9.
A completely different way of exciting SPPs is by using electrons [284]. In elec-
tron energy loss spectroscopy (EELS) in this way the SPPs energies can be mea-
sured [297]. A monochromatic electron beam is transmitted trough the plasmonic
structure and its energy loss is measured by an electron spectrometer. By scanning
the electron beam over the sample, it is possible to access even spatially varying
SPPs states. It is furthermore possible to inject electrons into the material by means
of an electron tunnelling microscope and excite SPPs this way [298]. Figure 8.3 (e,f)
show two possibilities of exciting SPPs with electrons.
8.1.7. SPP Waveguiding
So far, only SPPs propagating along plane metal interfaces were considered. To
be able to work with SPPs in a controlled way on the nanoscale, to integrate
plasmonic elements into nano optical devices, and especially for efficient coupling to
emitters, it is crucial to be able to route the SPPs via waveguides and to concentrate
their energy in a small volume. Waveguiding of SPPs is, similar to conventional
fibres or integrated optics, usually achieved by structuring the waveguide along the
propagation direction. A variety of different SPP waveguides has been developed,
featuring different properties suitable for different situations. An extensive review
of this topic can be found in Reference [289]. Here, on this basis, the topic is
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Figure 8.4.: Selection of SPP waveguide geometries. (a) shows a dielectric loaded
waveguide, where the dielectric above a metal surface is structured. (b) is a stripe
waveguide, where a thin metal stripe is used to guide the SPPs. In (c) a gap
waveguide is shown, where the SPPs are confined to the gap between to metal
surfaces. (d) and (e) show a groove and a ridge waveguide, respectively. (f) is a
nanowire waveguide. In contrast to the other waveguides shown here, it can be
grown chemically.
presented in compressed form.
The straightforward way of building an SPP waveguide is to structure the di-
electric environment in close resemblance of conventional integrated optics. The so
called dielectric loaded SPP waveguides are made by stripes of a dielectric with an
index of refraction different from its surrounding [299, 300]. This leads to a con-
finement since the wave vector β (see Equation 8.41) is different for the different
regions. Not structuring of the dielectric environment, but the metal is used in so
called stripe SPP waveguides. These waveguides are a metal stripe on a dielectric
substrate. Since there is only metal where the stripes are, the SPPs can only prop-
agate along the stripe. Usually these stripes support modes at the boundary to
the substrate and at the boundary to the superstrate. When the thickness of the
metal layer is small enough, these modes couple and can form supermodes. Usually,
one of the supermodes is advantageous for propagation and posses a smaller damp-
ing than the others (so called long range SPPs [301]). Another approach for SPP
waveguides are gap SPP waveguides [302]. Here, variants of a metal-insulator-metal
geometry are used to guide the modes. These waveguides offer the opportunity to
concentrate the field in the insulator part [303]. Two more types of waveguides are
the wedge waveguide [304], which guides the mode along a metal ridge, and the
groove waveguide [305], where the SPPs are guided along grooves in the metal.
Besides structures which are created in a top-down fabrication process in a clean-
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room environment, there exist other structures, which are chemically synthesised.
These structures have the advantage of their mono-crystallinity and therefore a
greatly reduced damping [306]. One type of such structures, which plays an impor-
tant role in Section 8.2 and Chapter 9, are metal nanowires. Their metallic part
has a circular symmetry and if the surrounding dielectrics have the same symmetry,
analytical solutions for their modes exist [307]. With nanowires, a high confinement
of the modes can be reached, as the fundamental mode has no cutoff and decays
exponentially away from the wire [289]. An overview of the different waveguide
types introduced here can be found in Figure 8.4.
To couple light into SPP waveguides, mostly the techniques shown in Figure 8.3
(a-d) are used. One popular technique is end fire coupling, which works the same
way as it is known from optical waveguides: at the end of the plasmonic waveguide
a mode matched light source (mostly a fibre or another waveguide) is positioned
to excite the guided modes. This can be seen as a subgroup of the coupling at
discontinuities and is, depending on the mode’s overlap, very efficient (e.g., in
Reference [308] a coupling efficiency of 36% is reached). Also it is possible to
first couple in light to an integrated optical waveguide and subsequently convert
it to SPPs. In Section 8.3, a way of such integrated in plane excitation of strip
waveguide modes is introduced.
8.1.8. SPP Nanofocussing
One of the remarkable properties of SPP waveguides, which lead to a fast develop-
ment of the field in recent years, is their ability to not only guide SPPs in a very
confined way, but also to focus energy at nanoscale volumes [309]. This ability is due
to the fact that on shrinking the lateral dimensions of the waveguides, for some SSP
modes, the confinement gets tighter. This is in sharp contrast to what happens with
dielectric waveguides, where the confinement gets only tighter until it reaches the
order of the light’s wavelength, where the mode starts to expand in the surrounding
medium – an effect often used when coupling tapered fibres to microresonators (see
Section 7.4.1) [158], but not suitable for nanofocussing. In Figure 8.5, this funda-
mental difference between a dielectric and a plamonic waveguide is sketched. Note
that not all SPP waveguides introduced in Section 8.1.7 are capable of confining
the SPPs to nanoscale volumes. In similarity to the dielectric waveguides, also di-
electric loaded SPP waveguides and also the long range SPPs on strip waveguides
lose their confinement when their dimensions get to small [289, 309].
Knowing that for a smaller waveguide the SPPs get more confined, nanofocussing
of propagating SPPs can now be achieved by tapering down the lateral dimensions
of an SSP waveguide [310–312]. As an additional effect, upon tapering down the
waveguide, group and phase velocity of the SPPs can get reduced, what can lead
to giant field strengths due to an adiabatic transformation of the SPPs to localised
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Figure 8.5.: Evolution of field distributions for decreasing waveguide diameters.
In (a-c), the reduction of the diameter d of a dielectric waveguide is shown. As
the diameter reduces below the order of the vacuum wavelength λ0, the lateral
size of the mode (indicated by the dotted lines) increases. Also the wavelength of
the guided wave approaches the vacuum wavelength λ0. In contrast, for an SPP
waveguide, as shown in (d-f), the wavelength decreases and the mode gets more
confined. (Image inspired by [309])
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surface plasmons [313].
8.1.9. Applications of SPPs
In recent years, there has been a great interest in SPPs in many different fields
of physics and technology. Their ability to be guided on volumes far below the
optical diffraction limit makes them possible candidates for highly integrated optical
information processing and communication [309, 314]. This is especially true in
the near-infrared, where their losses (see Section 8.1.5) become more tolerable than
at visible frequencies, but are still a major hurdle. To date, practical devices are
still missing.
The ability of SPPs to focus and confine energy at the nanoscale, in contrast, has
found a lot more of applications. Highly concentrated SPPs at the end of metal tips
can be used in near field microscopy to have very localised excitation [315]. Emit-
ters can be interfaced very efficiently via SPPs, what, possibly in combination with
a photonic to SPP converter (see Section 8.3) can be used in devices like a proposed
single photon transistor [290]. Another, and maybe the most important, applica-
tion of SPPs lies in sensing. Information on an analyte is obtained by measuring
the coupling condition of a light beam to SPPs (see Section 8.1.6). A change in
refractive index of the analyte will shift this condition and from the corresponding
shift information on the sample is obtained [316, 317].
Here, only some applications of propagating SPPs, which are the ones most
important in this thesis, are reviewed, but it has to be noted that there are many
other applications of plasmonics. Reviews on plasmonics can be found, for example,
in References [284, 318, 319].
8.2. Generation of Single SPPs on a Nanowire
In this section, as a very fundamental experiment for quantum plasmonics, con-
trolled generation, waveguiding, and splitting of single SPPs is shown. Even though
SPPs involve collective oscillations of many electrons, it is possible to have single
SPPs with properties similar to the properties described for photons in Chapter 2.
A basic demonstration of this is shown in the following, where single SPPs are ex-
cited on a silver nanowire. Parts of this have also been published in Optics Express
with the title Single defect centers in diamond nanocrystals as quantum probes for
plasmonic nanostructures [168].
The nitrogen vacancy centre in diamond (NV centre, see Chapter 3) can create
a well defined optical excitation which can then be launched into a nearby system
under investigation [320]. The generation of a single photon from a NV centre can
thus be regarded as an ultimate quantum limit of a pump pulse in a pump-probe
experiment.
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Figure 8.6.: Coupling of a diamond nanocrystal with a single NV centre to a silver
nanowire and excitation of single surface plasmon polaritons. (a) is a scheme of
the experimental setup used. (b) shows an AFM image of the diamond nanocrystal
(indicated by the dashed circle) positioned at the side of a bent silver nanowire. (c)
shows a microscope photoluminescence image of the same configuration. Positions 1
and 3 indicate the ends of the nanowire, while position 2 marks the location of the
diamond nanocrystal. (Figure adapted from [168])
Excitation of SPPs by a single NV centre and guiding along a metal nanowire
was demonstrated using structures which were randomly assembled by deposition
of metal nanowires and quantum emitters on a sample surface [321–324]. In these
experiments, on-demand positioning and change of a once assembled configuration
was not possible.
Here, a setup consisting of a confocal microscope combined with an atomic force
microscope (AFM, see Figure 8.6 (a) and also Section 5.2) is used for a more con-
trolled experiment. This combination allows both, optical detection of photons
and nanomanipulation of the nanodiamond [170, 206]. Photon correlation mea-
surements are performed with a Hanbury Brown and Twiss configuration of two
avalanche photo diodes with a quantum efficiency at 700 nm of approximately 30 %.
A diamond nanocrystal containing a single NV defect centre is first optically char-
acterised on a cover slip and then individually picked up by the AFM tip (see
Section 5.3 for details of this process). Then, the nanocrystal is transferred to a
cover slip with chemically synthesised silver nanowires and placed on-demand near
a previously selected wire which serves as SPP waveguide. With this technique,
one can be sure that there is exactly one diamond containing exactly one single NV
defect centre on the whole sample. Hence, there is no possibility of accidentally
measuring photons coming from multiple diamond crystals or a diamond contain-
ing more than one defect centre. Subsequent nanomanipulation with the AFM tip
allows for fine-positioning of the nanocrystal and launching of a single excitation
at arbitrary positions along the wire.
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Figure 8.6 (b) shows an AFM image of the nanowire used in this experiment.
Its diameter is approximately 80 nm. A sharp bend separates the nanowire into
two arms of 1.9 µm and 0.7 µm length. Under continuous wave laser excitation
of the NV centre (at a wavelength of 532 nm), photoluminescence directly from
the NV centre (position 2 in Figure 8.6 (c)) as well as light emerging from the
bend and from the ends of the nanowire (positions 1 and 3 in Figure 8.6 (c)) is
visible. Since there is a strong fluorescence background emerging from the bend of
the nanowire while exciting the diamond, for further measurements the diamond
was placed at another position, so that the nanowire bend is no longer in the
excitation spot (position 2 in Figure 8.7 (c)). Already this repositioning of the
nanocrystal shows the advantage of nanomanipulation. Accidental inconvenient
configurations can be corrected and experiments can be repeated under otherwise
unchanged conditions. At the same time, the ability to reposition is crucial in
more complex structures, since slight changes of the position of an emitter with
respect to a plasmonic structure may already modify its emission as well as the
structure’s plasmonic properties significantly. Despite the possibility to perform
near-field simulations, under experimental conditions an a-priori prediction of an
optimum position for an emitter or nanoprobe is often impossible [325].
With the new position of the diamond nanocrystal, there is now an additional
fluorescent spot observable on the nanowire. One (position 2 in Figure 8.7 (b))
corresponds to the emission of fluorescence directly from the nanodiamond. An
autocorrelation measurement on this spot shows a pronounced antibunching be-
haviour (Figure 8.7 (c)) confirming the single photon character of emission from a
single NV centre in the nanodiamond. The other spots correspond to three output
ports for single excitations launched into the wire via the nanodiamond.
In order to prove the quantum nature of the excitations, cross-correlation mea-
surements between the light directly emitted from the nanodiamond (position 2 in
Fig. 8.7 (b)) and the light emitted from both ends of the nanowire (positions 1
and 3 in Figure 8.7 (b)) are performed. Again, a clear antibunching is observed,
proving that indeed light from the single NV centre is converted into single SPPs
which propagate to the output ports. The nanowire thus represents a plasmonic
beamsplitter with three output ports, a key building block for quantum plasmonic
elements.
Recently, this technique of launching single SPPs with a NV centre has been
used in a number of further experiments, including pulsed excitation [172] and
extensive nanomanipulation of the waveguiding silver wire [211]. In this thesis, in
Section 9.3.2, the plasmonic properties of silver nanowires are further investigated.
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Figure 8.7.: Nanodiamond with single NV centre launching single plasmonic ex-
citations. (a,b) are AFM and fluorescence image showing a silver nanowire and a
nanodiamond with a single NV centre. The bright spot between position 2 and 3
in (b) emerges from the bend of the nanowire. (c) shows the autocorrelation of the
photons from the diamond measured at point 2. (d,e) are cross-correlations between
the photons emitted from position 2 and from positions 1 and 3, respectively. The
antibunching dip in the curves clearly reveals the non-classical properties. (Figure
adapted from [168])
120
8.3. A Dielectric Waveguide to SSP Coupler
8.3. A Dielectric Waveguide to SSP Coupler
In this section, the design of a coupling structure for converting single photons in
a dielectric waveguide to guided single SPPs and vice versa is shown. In order for
this structure to be maximally efficient, numerical calculations are carried out.
8.3.1. Design Parameters and Operation Principle
When trying to build advanced quantum optical elements using SPPs [325], SPPs
need to be interfaced with lossless channels, since a main obstacle for routing of
SPPs is their loss (see Section 8.1.5). The obvious choice for this channels are
photonic waveguides, so SPPs have to be converted to photons and vice versa. This
conversion has to be highly efficient when working at the level of single quanta. At
this level, no classical amplification is possible, so loss will dramatically reduce
the fidelity of any experiment. Also, scalability of the experiment (and future
applications) favors an integrated approach which can be produced using standard
clean-room processes. As introduced in Section 8.1.6, excitation of SPPs with
photons requires phase matching of photons and SPPs. To achieve this efficiently,
a special coupler has to be designed.
In the following, a dielectric waveguide to SPP coupler, which satisfies the re-
sulting experimental requirements, is introduced. The coupler should:
• interface a mono-mode dielectric waveguide with a single plasmonic mode,
• work in a wavelength range, where single photon emitters like molecules,
defect centres, or quantum dots emit, since interfacing emitters is crucial in
quantum plasmonics [325],
• be accessible with single emitters,
• be easy and reliable to fabricate in standard processes.
With these demands in mind, the material system and geometrical boundaries of
the coupler are chosen.
For the incoming dielectric waveguide, a rectangular silicon nitride waveguide
lying on silica is used, as both materials are transparent in the red spectral range,
where the planned wavelength of operation (λ = 780 nm) is situated. As material
for the plasmonic part, gold is chosen, which is done not for efficiency (silver would
have had a lower loss; see Section 8.1.5), but for stability, since silver nanostructures
may degrade under ambient environment [326]. The SPP waveguide part of the
coupler is a strip waveguide. Such a waveguide allows for easy coupling of emitters
to the SPP modes and also for nanofocussing by tapering down the waveguide (see
Section 8.1.8). To facilitate nanopositioning of emitters near the structures, the
121





















Figure 8.8.: Constraints and possibilities for SPP coupler design. (a) and (b)
show top and side view of the geometry considered, respectively. The waveguides
are defined by their widths dd/m and their heights hd/m. The coupler itself is shown
as black box, which is a placeholder for different possible designs. In (c) i-iii), some
of the possible designs are shown. Butt coupling in i), directional coupling in ii),
and a design similar to the one used in the remainder of this section in iii).
structures must not be capped, so the upper layer of material is air. To avoid
additional fabrication steps, the metal layer is designed to directly lie on the silica.
This leads to a vertical offset of the centres of the modes in dielectric and SPP
waveguide. The basic design parameters are visualised in Figure 8.8.
For a fast and efficient design process, it is important to have some tools to un-
derstand what happens for different geometries. It can not be overestimated how
just "getting a feeling" can speed up development. For this reason, many coupling
structures (some are shown in Figure 8.8) are simulated with a finite difference time
domain code (FDTD Solutions, Lumerical; for FDTD see Appendix C) and the spa-
tial and temporal distributions of them are monitored. The insights obtained were
then used to develop new ideas and designs. Note that to save time, these simulation
were carried out an a relative coarse three-dimensional mesh (≈ λ18) and conver-
gence of the simulations is not checked. After a design which works reasonably
well is found, it is parameterised and an optimisation is carried out using a finite
element method (FEM) [327] code for further simulations (JCMSuite, JCMWave).
The parameterised design found in this way is shown in Figure 8.8 (c iii).
When the dielectric and SPP waveguide’s geometries are given as boundary con-
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Figure 8.9.: Design and operation principle of the SPP coupler. (a) and (b) show
the layout of the coupler, which is fully described by the properties of incoming and
outgoing waveguide and the four parameters (ddist, dgap, darm, dtaper). (c) clarifies
the geometry used in (d-g), where the operation principle of the coupler is shown
via electric field distributions in a FDTD simulation. In (d), a pulse propagates
downwards along the dielectric waveguide. In (e), high field strengths start to build
up in the gap, which subsequently couple to the outside of the metal arm as shown
in (f). In (g), the excited SPP mode is shown. ((a) courtesy of G. Kewes)
ditions, the coupler design finally used for optimisation has four free design param-
eters, as shown in Figure 8.9 (b). Before showing the FEM simulations performed
in order to get quantitative results for the coupling efficiency, the working principle
of the coupler is introduced. Figure 8.9 (d-g) show the operation mechanism of the
coupler. The images are taken from the FDTD simulations used to find a good
coupler design. As source, a pulse is sent in the dielectric waveguide’s mode and
the electric field strengths are shown for different time steps. At first, the pulse
is guided towards the coupling region by the dielectric waveguide (Figure 8.9 (d)).
Inside the coupling region, the field is concentrated in the gap between the dielectric
taper region and the coupler’s metal arm (Figure 8.9 (e)), which acts as an SPP
waveguide. On the outside of the coupler’s metal arm, also an SPP mode exists.
Mode beating between the mode on the inside and the one on the outside of the
arm leads to an energy transfer from mode to mode. When the tapered region has
the right length, it can be achieved that almost all of the energy is on the outside
of the arm at the end of the taper (Figure 8.9 (f)). In this case, the SPP starts
propagating on the outside of the SPP waveguide, as shown in Figure 8.9 (f). From
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this working principle, it can also be concluded that it is possible to excite SPPs in
a gap waveguide with this coupling scheme just by elongating the taper until the
mode beating has its maximum on the inside of the coupler’s arms.
8.3.2. Simulation and Optimisation of the Coupling Efficiency
For coupling of devices, the figure of merit is the maximum coupling efficiency η
that can be reached. Here, optimisation of the coupling efficiency for the coupler
designed in Section 8.3.1, which especially suites the needs of experiments with sin-
gle SPPs and single emitters, is desired. The operation wavelength is λ = 780 nm,
a wavelength where single photon emitters exist, but which also is sufficiently long
to reduce losses in the metal (see Section 8.1.5).
In the following, FEM simulations using the commercial JCMSuite (JCMwave)
code are carried out. The geometry simulated is the coupler shown in Figure 8.9 (b)
with the parameters:
• distance of dielectric waveguide to the metal arms ddist,
• gap between taper and arms dgap,
• width of the metal arms darm,
• length of the tapered region dtaper,
• height of the dielectric material hdiel,
• height of the metal hmetal,
• width of the dielectric waveguide wdiel,
• width of the metal waveguide wmetal.
Of these parameters, the geometry of the incoming dielectric waveguide, i.e., its
height hdiel and its width wdiel, are chosen to be hdiel = 200 nm and wdiel = 510 nm.
Furthermore, the geometry of the metal waveguide is set to have a height hmetal =
50 nm and a width of wmetal = 510 nm. Note that these choices are arbitrary,
only constrained by fabrication capabilities and the requirement for single mode
operation. No mode matching between incoming dielectric and outgoing metal
waveguide has to be taken into account, since the working principle of the coupler
does not rely on that. In fact, simulations with a propagation mode solver lead
to the effective refractive indices neff,TE = 1.597 for the transverse electric mode
of the dielectric waveguide and neff,TM = 1.537 for the transverse magnetic mode
of the dielectric waveguide, compared to neff,m1 = 1.604 + i0.0186 and neff,m2 =
1.681 + i0.0156 for the two modes of the SPP waveguide [277]. For this simulations
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Figure 8.10.: Field distributions of waveguides and coupler. (a) shows the electric
field’s intensity of the transversal electric mode in the dielectric waveguide while
in (b) the mode of the SPP waveguide is shown. Note the high field concentration
at the edges of the SPP waveguide (the colour scale is normalised to the dielectric
mode). In (c), the in-plane electric field component perpendicular to the propaga-
tion direction at the substrate-air interface is shown for the optimised coupler. In
the upper half in the overlay shows the dielectric (blue) and plasmonic (red) part.
Scalebars are 400 nm. (adapted from [277])
and for the following, the values of the dielectric function for the materials involved
are εSilica = 2.37 [328], εSiNi = 3.99 [329], and εAu = −22.46 + i1.39 [287]. Since
the coupler is designed for single mode operation, a single input mode has to be
selected. Here, as input mode the TE mode is chosen. Its transverse electric field
are able to excite the SPPs in the metal arms more efficiently than the electric field
of the TM mode. On the SPP output side of the coupler, single mode operation
then is ensured due to symmetry – the second SPP mode exhibits a breathing
mode character, which does not fit to the incoming TM mode [277]. Simulated
field distributions of the two modes used are shown in Figure 8.10 (a,b).
Now, fully three-dimensional simulations with the obtained TE mode as input
field distribution are performed. One example of the electric field from such sim-
ulations can be found in Figure 8.10 (c). However, before looking into the details,
the method of obtaining the coupling efficiency η is introduced. Directly after the
coupler, there are two different kinds of contributions to the electromagnetic fields,
namely the bound SPP mode one wants to excite efficiently and scattered fields.
For the calculation of η, only the SPP mode has to be taken into account, so it is
important to distinguish the different contributions. This is done by adding 5 µm
of straight SPP waveguide to the simulated coupler and evaluating the energy flux
Φ through surfaces perpendicular to the waveguide at different distances z. For the
guided SPPs, this energy flux is decaying mono-exponentially:
A = A0e−αz, (8.48)
while the scattered fields decay faster. Furthermore, the decay constant α =
4π Im[neff,m1]λ of the guided SPP mode can be calculated with the propagation mode
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Figure 8.11.: Calculation of the coupling efficiency. In (a), the power flux through
a surface perpendicular to the SPP waveguide is shown. The line shown is an
exponential fit of the decay at long distances according to Equation 8.48. In (b),
the length of the taper is varied. The coupling efficiency shows the oscillatory
behaviour expected from the working principle of the coupler. . (c) shows the
coupling efficiency of the coupler when the wavelength is varied. The lines in (b,c)
are guides to the eye. (adapted from [277])
solver, so that the amplitude of the exponential A0 directly leads to the coupling
efficiency. Figure 8.11 (a) shows this behaviour with normalisation to the source
energy Φ0, i.e., A = Φ(z)Φ0 .
Optimising the four free parameters of the coupler ddist, dgap, darm, and dtaper
using the Taguchi method [277, 330] yields an optimal coupler with a coupling
efficiency η = 60 % for the parameters ddist = 80 nm, dgap = 20 nm, darm = 120 nm,
and dtaper = 800 nm. Figure 8.10 (c) shows the field distribution obtained for this
optimal coupler.
A value of η = 60 % is comparable to other couplers found in literature, where
theoretical values of up to 90% are reached [331] for a dielectric loaded coupler
in at a wavelength of 1550 nm (see Reference [289] for a review). In contrast
to the other schemes, the coupler introduced here satisfies the needs specified in
Section 8.3.1. In addition many values found in literature might be overestimated,
due to only performing two dimensional simulations (e.g., in References [332–334]).
The coupling efficiency of the coupler can be also easily enhanced by changing
the design restrictions and changing the materials involved. With silver as SPP
waveguide material for example, a coupling efficiency of ηsilver = 68 % is found. In
addition, by changing the refractive indices of the involved media, e.g., by using
magnesium fluoride (n = 1.38 [335]) instead of glass as substrate, the efficiency
possibly can be enhanced further due to lower absorption of the SPP mode (see
Section 8.1.5).
To further evaluate the properties of the coupler and to gain more insight into
its working principle, parameter scans are performed starting from the optimal
coupler found with the Taguchi method. Figure 8.11 (b) shows a variation of the
taper length dtaper as well as a variation of the operating wavelength with unchanged
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geometry is shown. The coupling efficiency η shows a damped oscillatory behaviour
for a variation of dtaper as it is expected from the considerations in Section 8.3.1. The
wavelength dependency shown in Figure 8.11 (c) also gives an important result: the
coupler can be operated over a broad wavelength range of at least 150 nm without
suffering from significant additional losses. Hence, this type of coupler can be used
to interface different emitters without the need to perform an extra optimisation
run each time.
In summary, the coupler simulated and optimised in this section satisfies the
requirements for doing quantum plasmonic experiments while having a reasonable
high coupling efficiency and is easy to fabricate. The possibility to couple sin-
gle emitters to it using the nanomanipulation techniques described in Section 5.2
makes it a good interface between integrated waveguide and quantum photonic or
plasmonic structures.
Chapter Summary: Plasmonics
In this chapter, surface plasmon polaritons were introduced. At first, a review on
macroscopic electrodynamics and the optics of metals was given. Then, the prop-
erties of propagating SPPs were examined and their applications discussed. It was
reported on an experiment on the generation of single SPPs using a hybrid quantum
system. The pick-and-place technique was used to place a nanodiamond with single
NV centre near a silver nanowire, which served as waveguide. Last, to address the
problem of damping for propagating SPPs, a coupler from SPPs to photons was
designed and investigated via numerical calculations. Such a coupler enables for
efficient conversion and therefore makes it possible to use the unique properties of
SPPs, e.g., the possibility for nanofocussing, just where they are needed, while the
photons are used to guide excitations over long distances.
Having shown that concepts for hybrid integration also work with plasmonic
structures, what is needed next is a technique to quantitatively measure their prop-
erties on the nanoscale. Such a technique will be introduced in the next chapter.
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9. Quantum Emitter Fluorescence
Lifetime Microscopy
This chapter deals with mapping the local density of optical states (LDOS) at the
nanoscale. In the first section, an introduction to the concept of the LDOS is given
while in the following sections methods of measuring the LDOS using NV centres
are introduced. Parts of this have been published in Optics Express with the title
Single defect centers in diamond nanocrystals as quantum probes for plasmonic
nanostructures [168] and Nano Letters under the title Scanning Single Quantum
Emitter Fluorescence Lifetime Imaging: Quantitative Analysis of the Local Density
of Photonic States [186].
9.1. Theoretical Pre-Considerations
Spontaneous decay is a purely quantum mechanical phenomenon, it can not be
explained classically. Nevertheless, when the emitter is mostly in its ground state,
i.e., in the so called perturbation limit, a quantum mechanical two-level system can
be described classically [336]. In order to make this chapter more accessible for
the reader, the fundamentals of light matter interaction (compare Chapter 2) are
introduced starting from the fundamental level. The following discussion will be
oriented on Novotny and Hecht [185] and Barnes [337].
9.1.1. Spontaneous Decay and Local Density of Optical States
The spontaneous emission is not an intrinsic property of an emitter. Instead, it is
determined also by the emitter’s environment. A good starting point for calculation






∣∣∣〈i| Ĥint |f〉∣∣∣2 δ(Ei − Ef ), (9.1)
where γi→f is the transition probability from an initial state |i〉 to a final state |f〉,
h̄ is the reduced Planck constant, the sum runs over all final states, and Ĥint is
the interaction Hamiltonian which in dipole approximation reads Ĥint = −µ̂ · Ê,
with the dipole operator µ̂ and the electric field operator Ê. Using annihilation
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with the frequency of a mode ωk and the positive and negative frequency parts of
the complex field E+k = (E
−
k )∗.
Evaluation for a two level system (not shown here, see Novotny and Hecht [185])




|µ|2 ρµ(r0, ω0), (9.5)
ρµ(r0, ω0) = 3
∑
k
[nµ · (uku∗k) ·nµ] δ(ωk − ω0), (9.6)
where the partial local density of states ρµ(r0, ω0), the frequency ω0 corresponding
to the energy Ei, unit vectors nµ in the direction of µ, and the dipole matrix
element µ = 〈i| µ̂ |f〉 are introduced. The word partial in partial local density
of states here means that this quantity depends on the dipole’s orientation. For










are chosen. The notation (uku∗k) means the outer product of the normal modes.
Furthermore, the normal modes introduced can be expressed using the dyadic




[nµ · Im (G(r0, r0;ω0)) ·nµ] . (9.8)
With this formula, the problem to calculate the spontaneous emission and the
partial local density of states is reduced to calculation of the Green’s dyadic at the
position of the two-level system.
To derive the total local density of states ρ(r0, ω0) from this result, often referred







Im (Tr[G(r0, r0;ω0)]) . (9.9)
Quantum mechanically, the LDOS can be interpreted as vacuum fluctuations and
classically, as the ability of the environment to support photons [337].
At this point, is should be noted that in Equation 9.5 two terms enter, the dis-
cussed partial LDOS, which is only dependent on the emitters environment, and
the transition matrix element µ = 〈i| µ̂ |f〉, which is an intrinsic property of the
emitter. Changes in the matrix element are only expected when the wavefunction
of the emitter changes. This only happens when the environment of the emitter
perturbs its wavefuction, an effect happening only when the distance to the per-
turbing object is on the order of the extend of the wavefunction, i.e., approximately
1 Å [337]. In the following, the matrix element is assumed to be constant.
9.1.2. The Radiating Dipole
In the classical description, a radiating dipole in an inhomogeneous environment
is described as a damped harmonic oscillator. It experiences a driving field that
stems from the light it emitted that is coming back due to scattering from the










where µ(t) is the oscillating dipole moment, γ0 is its damping, ω0 the undriven
dipole’s oscillation frequency, q the charge, m the mass, and Es(t) the secondary










In order to stay in the classical regime where the average energy stored in the dipole
is defined, γ0  ω0 is required so that the average absolute dipole moment only
changes slightly during one oscillation. With the requirement of energy conversa-
tion, meaning that the energy radiated by the oscillating dipole equals the damping,






where ε0 is the vacuum permittivity and c the speed of light.
Going back to the full differential equation, Equation 9.10, the effect of Es(t)
131
9. Quantum Emitter Fluorescence Lifetime Microscopy (QEFLIM)
will be a modification of the damping as well as of the oscillation frequency. With














With the additional assumption of a weak interaction, this leads to an expression
for the decay rate γ [185]:
γ
γ0





where r0 is the dipoles origin and k = ω/c the wavenumber. In this equation, the
magnitude of the dipole moment cancels out, since the scattered field Es(r0) is
proportional to it. So an important result is found: The projection of Es(r0) in
the direction of the dipole does alter the decay rate. Calculations of this effect for a
simple geometry like an dielectric interface can be found for example in two papers
by Lukosz and Kunz [338, 339].
9.2. Mapping the LDOS With a Single Quantum Emitter
Using the considerations of the previous section, now a single emitter is used as a
probe for the LDOS. In addition to its intrinsically enhanced spatial resolution, the
ultimate control of a nanoemitter probe allows for absolute measurements of the
electromagnetic environment of arbitrary nanophotonic structures.
9.2.1. Motivation for Single Emitter Experiments
Quantum physics enables measurements with a precision overcoming the classi-
cal limit [8]. Therefore, quantum-enhanced sensing has become one of the major
fields in quantum technology [219]. Single quantum systems represent ideal sensing
probes [340], not only because of their intrinsic quantum properties, but also due
to the fact that they are typically very small. They can explore local fields of single
atoms or a local environment consisting of only a few molecules. Optical quantum
probes, such as single quantum emitters, provide the additional advantage of reli-
able initialisation as well as efficient and easy read-out. High sensitivity sensing of
electric [127] or magnetic fields [126, 341] has been demonstrated.
First scanning quantum probes that utilise optical emitters have appeared more
than 10 years ago [342] in fluorescence microscopy. They detect vacuum fields via
modifications of the emitter’s spontaneous lifetime which is not an intrinsic property
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of an emitter, but is rather determined by the local density of states as discussed
above.
More generally speaking, any light-matter coupling, as described on the fun-
damental level by a single dipole coupled to modes of the electromagnetic field,
can be engineered by changing the LDOS. By carefully designing the LDOS, it
is possible to significantly enhance the functionality of devices in photonics and
plasmonics. Examples are spontaneous emission engineering for fast optical mod-
ulators [343], for energy-efficient lasing [179], or for improving light trapping in
solar cells [344]. The design of the LDOS is particularly important for engineering
fundamental quantum optical few-photon devices, e.g., for efficient and fast single
photon sources needed in optical quantum information processing systems [219].
Photonic structures such as microcavities [158], photonic crystals [345], optical an-
tennas [346], and photonic metamaterials [347] allow for designing the LDOS in all
three spatial dimensions. Therefore, techniques to obtain precise information about
the LDOS on the nanoscale are needed. There exist several approaches to obtain
this information, for instance coating of the structures of interest with fluorescent
dyes [348], mapping with scanning near-field microscopes [349–351], nanoposition-
ing of defect centres [168] or colloidal quantum dots [352], using optically trapped
nanocrystals [353], or employing a scanning electron microscope [354]. Most of
the previous fluorescent probes utilise large ensembles of emitters like molecules in
nanobeads [355] to determine the LDOS via the observed lifetime changes.
However, due to averaging over an ensemble with different spatial positions and
electromagnetic environments, the excitation decay curve often is multi-exponential.
This makes it difficult to quantify modifications of the decay dynamics when scan-
ning the probe. Additionally, the ultimate spatial resolution is still given by the
diameter of the doped beads and there is no information on the vectorial character
of the coupling of the emitters to the nanostructure under investigation.
A fundamental fluorescence lifetime imaging microscopy (FLIM) probe would
consist of a single atom. However, single ions in an ultra-high vacuum environment
do not meet the requirement for a robust scanning probe where a point-like fluores-
cent dipole is located at a scanning tip, which can be actively stabilised and scanned
across an arbitrary substrate. Defect centres in nanodiamonds (see Chapter 3) ex-
hibit ideal properties for this purpose [168, 356, 357], since they are optically stable
even at room temperature. The single emitter nature of a NV centre leads to an
increase in obtainable resolution only limited by the size of a single NV centre.
9.2.2. Mapping the LDOS of Plasmonic Antennas
Large changes in the LDOS are especially expected for plasmonic structures (see
Chapter 8). Therefore, in a first experiment, a NV centre in nanodiamond is used
as a probe for measuring the LDOS at different positions in a plasmonic antenna.
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Plasmonic antennas are highly desired in experiments on the level of single quantum
emitters for the following reasons: Using them the quantum emitter is exited more
efficiently, more photons are extracted from the quantum emitter, and the emitted
photons can be spatially directed towards a specific direction [218, 358, 359].
Gold bowtie antennas fabricated with electron-beam lithography are investigated
on a glass substrate with a nanodiamond probe. In contrast to a configuration where
the antenna is decorated with several emitters in a purely random manner [360],
here, AFM nanomanipulation (see Section 5.2) is utilised. In this way, control
of the position of the nanodiamond with nanometre precision is achieved. By
nanomanipulation, it is possible to investigate different configurations of exactly
the same constituents. For example, it is possible to alter the antenna [361] or
to change an emitter’s position. Mapping of the electromagnetic environment via
observing the optical properties of a nanoprobe is thus possible.
For the measurements, a confocal microscope is used (see Figure 8.6 (a) for de-
tails). The excitation laser is operating in pulsed mode at 10 MHz repetition rate
and has a wavelength of 532 nm. All measurements are performed at a power of
40 µW at the back of the slightly overfilled NA=1.35 oil immersion objective.
There are different processes when coupling an emitter to a plasmonic antenna.
The excitation as well as the radiative rate are enhanced, but additional non-
radiative decay channels may open up [362]. Also, the modified spatial emission
pattern may change the number of the detected photons on a detector of finite solid
angle [275]. By repeatedly measuring the lifetime and changing the nanodiamond’s
position with the AFM (see Figure 9.1 (a-f)), the lifetime maps depicted in Fig-
ure 9.2 (a,b) are obtained. The lifetimes are measured via time correlated single
photon counting (see Section 2.4.1). In order to suppress short-lived emission from
the gold, count events within the first few nanoseconds are not taken into account
for the fitting to the decay curves (see Fig. 9.1 (g,h)).
The antennas used are fabricated to have a gap of 10 nm and consist of two isosce-
les triangles whose height equals their short side. Their short sides are designed
to be 140 nm (Figure 9.2 (a)) and 150 nm (Figure 9.2 (b)), respectively. This ge-
ometries result in fundamental modes in the infra-red. In Figure 9.2 (a) a diamond
with a height of approximately 60 nm and an oval shape is used for the mapping.
This nanodiamond is too large to fit in the antenna gap. The exact position of
the NV centre in this nanodiamond has also an a-priori uncertainty of the same
size, i.e., approximately 60 nm. For this reason, in another measurement depicted
in Figure 9.2 (b), a nanodiamond of 15 nm height is used in order to reduce this
uncertainty. The two-dimensional maps in Figure 9.2 resemble an ultimate limit of
fluorescence lifetime nanoscopy in a sense, that only one quantum emitter present.
However, this still can be improved, as shown in Section 9.3.
Beyond the mapping of the electromagnetic environment of the antenna the data
provides information about the actual enhancement of the fluorescence rate of the
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Figure 9.1.: Coupling of nanodiamond and gold bowtie antenna. (a-f) show the
alignment of the probe. A single nanodiamond containing a single NV centre is
moved with the AFM to different positions with respect to a bowtie antenna. Small
changes in the measured topography are due to changes of the AFM tip’s shape dur-
ing the manipulation process. Circles highlight the positions of the nanodiamond.
(g,h) are fluorescence lifetime histograms of a uncoupled nanodiamond (blue) and
the nanodiamond coupled to a bowtie antenna (black). The initial peak stems from
short-lived fluorescence from the gold of the bowtie antenna, which is not resolved
by the detectors used. Only counts occurring 3 ns after the emission peak (indi-
cated by the blue vertical line) are used to fit (red curves) the fluorescence decay
from the NV centre in the nanodiamond. The inset in (g) shows the coincidences
for the uncoupled diamond measured with the HBT setup. The absence of a peak
at coincidence time zero indicates single photon emission. (Figure adapted from
[168])
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Figure 9.2.: NV centre decay rates at nanoantennas. (a,b) are maps showing
the decay rate of the excited state of the NV centre in the nanodiamond probe
for different positions with an underlay of the corresponding AFM image of the
antennas. In (a), a diamond of approx. 60 nm height and an oval shape is used. In
(b), the diamond’s height is about 15 nm. (Figure adapted from [168])
NV centre in the nanodiamond. For a quantitative analysis, the uncoupled diamond
has to be compared to the situation where the nanodiamond is coupled to the
antenna in an optimum position. The nanodiamond is placed in the antenna gap,
where an excellent alignment of the diamond with respect to the excitation laser
spot is possible. The uncoupled diamond has a lifetime of τu = 17.7 ns, which is
reduced to τc = 8.3 ns when the diamond is in the antenna gap. Also the photon
emission rate from the diamond is changed from Ru = 2.5 kHz to Rc = 2.2 kHz.
This reduction is due to additional loss channels which open up close to the metal
surface. However, care has to be taken in the analysis since pulsed excitation is
performed at a fixed excitation rate and a single NV centre only can get excited
once per cycle, if the duration of the excitation pulse is small compared to the NV
centre’s lifetime. Due to coupling to the antenna, both radiative and non-radiative
decay is enhanced, i.e., the lifetime of the excited state is significantly shortened.
This means that although the probability of generating a photon after excitation is
reduced, photons can be provided in principle at a much higher rate.
The key number is the rate of photon emission under continuous saturated exci-
tation, which could in principle be calculated from the emission’s power dependence
under pulsed excitation. Since melting of the gold nanoantennas is observed at an
excitation power of ca. 50 µW [232], which is clearly below the saturation intensity,
it is not possible to determine the enhancement factor with adequate accuracy.
The technique for acquiring information on the LDOS at the nanoscale presented
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here enables for a better understanding of nanophotonic and plasmonic structures.
The two-dimensional maps of plasmonic antenna structures derived provide insight
into the near-field properties of antenna structures allowing optimisation of the
designs [363]. The method of repeatedly repositioning the quantum emitter and
mapping the lifetime can in principle be extended to almost any system of interest, if
they are accessible with an AFM [228, 229]. The technique introduced here enables
for measurements of the LDOS at the nanoscale, but there are still some drawbacks:
pushing the diamond to different positions is time consuming, due to uncontrolled
orientation of the emitter and therefore the emission dipoles the coupling changes,
and the technique is confined to only two dimensions. For getting more detailed
insight, this clearly has to be improved. Hence, in the next section, a way raster
scanning a sample is introduced.
9.3. Quantum Emitter Fluorescence Lifetime Imaging
Microscopy
In this section, the technique of quantum emitter fluorescence lifetime imaging mi-
croscopy (QEFLIM) is presented. This technique allows raster scanning in all three
spatial dimensions with high resolution. It is the direct, but heavily improved, suc-
cessor of the experiment shown in Section 9.2. As a proof-of-principle experiment,
QEFLIM is performed on a single silver nanowire.
9.3.1. Experimental Setup and Probe Characterisation
The experimental setup for QEFLIM is again a confocal microscope combined with
an atomic force microscope for simultaneous measurements. In contrast to the ex-
periment in Section 9.2, here, a more complex electronic setup and measurement
scheme is used. A sketch of the optical setup and measurement process is shown
in Figure 9.3. Photon detection event are recorded using time tagging data acqui-
sition electronics (see Section 2.4.1). Markers for spatial coordinates are also fed
to the electronics and are collected within the time tag stream. To extract three-
dimensional lifetime information, in addition to the current scanning position, the
cantilever’s oscillation is also fed to the correlation electronics. With that infor-
mation, the photon detection events at each pixel of the scanned sample area can
be attributed to different height bins. Since for each position of a scanned area
the detected photons are sorted with respect to the actual height of the oscillating
cantilever, continuous feedback while mapping all dimensions of the sample in a
single scan is possible. Data in each pixel is histogrammed with respect to the
cantilever height and fitted with a mono-exponential decay to calculate the lifetime
(see Figure 9.3 (c)). As in Sections 6.2 and 9.2, time gating is applied by not using
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Figure 9.3.: Measurement apparatus and scheme of QEFLIM. In (a), a
nanodiamond containing a single NV centre is glued to the tip of an AFM cantilever.
The AFM is operated in tapping mode and the cantilever is positioned in the focal
volume of a scanning confocal microscope equipped with a pulsed laser and an
avalanche photodiode. Cantilever oscillation, coordinates, laser timing, and photon
time tags are recorded simultaneously. Being operated in tapping mode, at different
times the AFM tip is at different heights hi as shown in (c). In (c), the electronic
setup is shown. For each pixel of the scanned sample area, the photon detection
events are sorted according to the current height hi of the AFM tip. In this way,
the probe in a single scan reaches different heights, with the maximum height being
the oscillation’s amplitude. The lifetime is determined for different height bins hi
by histogramming the arrival times with respect to the laser pulse and by making
a fit to the tail of the exponential decay. This makes it possible to gather real 3D
lifetime data while always maintaining feedback from the tapping mode AFM. (d)
is a scheme of a Hanbury Brown and Twiss interferometer as it is used to prove the
single emitter character of the probe. (Figure from [186])
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events directly after the laser pulse in order to avoid artefacts from fast decaying
background contributions. Here, the first 5 ns are omitted.
In order to glue [364] a nanodiamond containing a single NV centre to the AFM’s
tip, a process similar to the process used in the pick-and-place nanomanipulation
approach is used (see Section 5.3). The tip is coated with poly-L-lysine prior to
picking up the nanodiamond, what makes the nanodiamond stick at it’s apex [365].
A very important task in quantitative QEFLIM is the characterisation of the
probe. It has to be a single emitter with known properties such as orientation,
lifetime, and quantum efficiency. All these parameters can be deduced from con-
trolled measurements and comparison to theory. The excited state lifetime of the
probe can be extracted from the measurements depicted in Figure 9.4 (a). Mono-
exponential decay curve of the NV centre’s excited state for different situations are
shown: black for the nanodiamond on a cover slip (43.5 ns ± 1.4 ns), blue for the
nanodiamond glued to the tip far from the surface (19.8 ns± 0.2 ns), and red with
the tip close to a silver nanowire (9.2 ns± 0.1 ns). After the nanodiamond is glued
to the tip, the lifetime only varies when the environment, and therefore the LDOS,
changes, e.g., when approaching a silver nanowire (red curve in Figure 9.4 (a). To
prove the single emitter character of the probe, measurements of the autocorrela-
tion function g(2)(τ) are performed using a Hanbury Brown and Twiss setup before
and after the nanodiamonds are attached to the tip (see Figure 9.4 (b)). A value
of g(2)(0) < 0.5 indicates that the main photon contribution stems from a single
emitter. Figure 9.4 (c) shows detailed data of nanodiamond probes approaching a
glass surface. When the emitter approaches the surface, an oscillatory behaviour is
visible. A careful numerical and analytical analysis examining explicitly the influ-
ence of the silicon AFM tip reveals that the approach curves can also be derived in
good approximation by an analytical theory (see Appendix E). Using these theo-
retical curves, the QEFLIM probe can be fully characterised, i.e., the NV centre’s
orientation, its position within the nanodiamond, as well as the quantum efficiency
of its optical transition can be derived as shown in Reference [186].
9.3.2. QEFLIM Measurements at Silver Nanowires
With a fully pre-characterised and scanable single quantum emitter, the LDOS can
now be mapped on the nanoscale in all three spatial dimensions with high resolu-
tion. A first example is shown in Figure 9.5, where silver nanowires, the drosophila
of plasmonics, are raster-scanned by QEFLIM (For a non-scanning experiment of
coupling a NV centre to a silver nanowire see Section 8.2). Figure 9.5 (a,d) are
AFM topography scans showing a wire and a wire network, respectively. In Fig-
ure 9.5 (b,e) and (c,f), lifetimes images are shown for the emitter being in in the
highest quarter of it’s tapping mode height oscillation and in the lowest, respec-
tively. The emitter’s lifetime decreases close to the surface due to the higher index
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Figure 9.4.: Probe characterisation. In (a), the lifetime of the NV centre used
in the scans shown in Figures 9.5–9.7 is measured. The black curve is for the
nanodiamond prior to glueing it to the cantilever. A fit yields a lifetime of 43.5 ns±
1.4 ns. The blue and red curve are for the diamond on the tip at the glass interface
and at a silver nanowire, respectively. Corresponding lifetimes are 19.8 ns± 0.2 ns
and 9.2 ns ± 0.1 ns. Only photons after the dotted line are used for lifetime fits.
In (b), autocorrelation curves g(2)(τ) of the NV centre in a nanodiamond used
in the scans lying on a glass cover slip (upper panel) and glued to the AFM tip
(lower panel) are shown. The red line is a fit to the data according to Jelezko
et al. [89]. It yields g(2)(0) = 0.25 and g(2)(0) = 0.31, respectively. A change in
the bunching behaviour indicates a change in the NV centre’s environment. Count
rates are 120000 cts/s and 110000 cts/s, respectively. In (c), the lifetime of a NV
centre versus height over a glass surface is plotted. The red curves is following an
analytical theory for a dipole over a dielectric interface. In Appendix E, it is shown
that this approximation is justified. No background correction was applied to any
of the data. (Figure from [186])
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Figure 9.5.: Silver nanowires imaged by QE-FLIM. (a) shows an atomic force
microscope image of a silver nanowire of diameter 50 nm acquired in tapping mode.
The dashed rectangle indicates the region, which is investigated in more detail in
Figure 9.6. (b,c) are simultaneously recorded lifetime images for the AFM tip being
in the highest quarter of its tapping mode height oscillation and in the lowest,
respectively. Scalebars in (a-c) are 1 μm. (d-f) show data for a network of single
nanowires. At the nearly horizontal wire, in addition to the expected decrease of
the lifetime, an increase is found. This is is a feature stemming from topography
and the nanodiamond’s position on the tip, which gives information on the NV
centres position at the tip. Scalebars are 500 nm. Cantilever oscillation amplitudes
are 37 nm for (b,c) and 74 nm in (e,f) and data acquisition times per pixel are 25 ms
for (b,c) and 50 ms in (e,f). (Figure adapted from [186])
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of refraction and therefore higher LDOS. Close to the nanowire, the additional
plasmonic modes account for an even more reduced lifetime. In Figure 9.5 (d-f),
a network of crossed wires is scanned with QEFLIM. When scanning along the
nearly horizontal wire, the expected decrease of the emitter’s lifetime is observed,
however, also an increase in lifetime is found in a scan parallel to it. This feature
is often regarded as a topography artefact in scanning near-field microscopy. Here,
it can not only be corrected using the recorded full three-dimensional information,
but there also can be extracted valuable information on the NV centre’s position
at the AFM tip.
Another striking feature that shows up when looking at silver nanowires, are oscil-
lations of the plasmonic channels of the LDOS along the direction of the wire. They
arise due to interference of surface plasmon polaritons (see Chapter 8) reflected at
the wire’s ends and the ones directly launched into the wire. When the SPPs are
excited by a single emitter, as it is done here (see figure 9.4 (b)), the phenomenon
can also be discussed in terms of wave-particle duality [321]. Figure 9.6 shows a
detailed scan of a nanowire’s end. Interestingly, the decay of these oscillations away
from the wire’s ends is much faster than it would be expected by effects of Ohmic
plasmon damping and dephasing from the NV centre’s broad spectrum alone [306].
In order to explain the fast decay, it is necessary to take into account higher-order
plasmonic modes on the silver wire. As confirmed via ab-initio three-dimensional
discontinuous Galerkin time-domain (DGTD) [366, 367] numerical simulations (see
Figure 9.6 (h)), this multi-mode nature gives rise to additional dephasing. The ob-
servation of this previously disregarded effect demonstrates the power of QEFLIM –
it offers the possibility to study the behaviour of the LDOS at the nanoscale in such
a controlled way, that not only qualitative, but also quantitative comparisons with
theory are possible. The modulation observed is in phase with the modulation of
the lifetime, meaning that more photons are collected when the lifetimes are longer.
This behaviour is due to the fact that the additional decay channels, which shorten
the lifetime, are of plasmonic nature and bound to the wire. The majority of the
SPPs gets either absorbed or leaves the confocal volume of the microscope before
getting scattered out – an effect often misunderstood as fluorescence quenching.
An additional unique feature of 3D QEFLIM is the possibility to derive topography-
corrected lifetime images. Whereas Figure 9.5 displayed lateral scans for two dif-
ferent relative positions of the scanning cantilever, Figure 9.7 shows a scan crossing
a silver nanowire in a plane perpendicular to the sample surface. The amplitude
of the cantilever’s oscillation of 128 nm is divided in 25 height bins. At the same
time, for each pixel the absolute height of the sample is acquired with the AFM.
Therefore, Figure 9.7 (a) represents a lifetime image with completely known spa-
tial coordinates avoiding artefacts which often appear in scanning probe images.
The observed rate enhancement by a factor of 2.6 is of the order that is expected
from previous experiments dealing with the coupling of nanodiamonds to silver
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Figure 9.6.: Oscillations of the LDOS at an wire’s end. (a) shows a zoom to
the end of a silver wire, as indicated in Figure 9.5 (a). (b,c) show the lifetime in
the upper and lower quarter of the cantilevers oscillation, respectively. (d) is the
intensity measured while scanning. (e,f) are the intensities in the lower quarter of
the background photons and the photons stemming from the diamond, respectively.
An oscillation of the photonic intensity due to plasmonic modes back-reflected at
the wire’s end is visible. Scalebars are 200 nm and data acquisition time per pixel
is 25 ms. (g) shows the mesh used in the three-dimensional DGTD simulations.
The emitter (red) interacts with a silver nanowire (green) lying on a glass substrate
(blue). (h) is the lifetime dependence of the NV centre when scanned along the wire.
Big blue dots are results from simulations. An excellent quantitative agreement
from ab-initio simulations and experimental data is found. (Figure from [186])
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Figure 9.7.: Two-dimensional stripe scan across a silver nanowire. (a) shows the
colour coded lifetime data as a function of height and position perpendicular to
a silver nanowire. The absolute height is corrected according to the topography
data acquired simultaneously with the AFM. In this way, topography artefacts are
corrected as well. Height and position axis are scaled equally and the scalebar is
100 nm. Data acquisition time is 200 ms per pixel. (b) shows numerical simulation
corresponding to the data in (a). As in (a), the same probe as in Figure 9.6 is used,
the probe parameters used for the simulations correspond. (c) is an artists view
clarifying the geometry of silver wire and data in (a,b). (Figure from [186])
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nanowires [172, 321].
9.3.3. Resolution of QEFLIM
The resolution of standard optical far-field microscopy is limited by the far-field
diffraction limit (see Section 4.1). Using the Sparrow criterion (Equation 4.5), the
maximum obtainable resolution under incoherent illumination can be calculated to
be [209]:
d = 0.51 λ0NA ≈ 264 nm, (9.16)
with the free space wavelength λ0 and the numerical aperture of the microscope ob-
jective NA. The value given is calculated for an NA = 1.35 oil-immersion objective
and a value for λ0 = 700 nm for the free space wavelength. This limit is slightly
smaller for confocal microscopy and can be further lowered in some cases by so
called superresolution microscopy [210] or by detecting the near-field in scanning
near-field optical microscopy.
In near-field approaches, the resolution is limited by the size of the probe. This is
because the detected signal is a convolution of the measured quantity’s actual spatial
extend and the size of the probe. Note that this limit is fundamentally different from
the diffraction limit in far-field microscopy, where non-propagating components of
the signal just do not reach the distant detector and thus the resolution is limited
by the propagating components only. Additionally, in near-field microscopy, it is
possible that the probe alters the sample locally and hence introduces artefacts,
which are hard to quantify, since they depend on the particular sample measured.
Further information on the problem of defining a resolution in near-field microscopy
can be found in Reference [368].
When trying to quantify the resolving power of QEFLIM using single defect
centres in nanodiamond, this means in the first place that the obtainable resolution
is limited by the size of a single defect centre, i.e., on the order of the lattice constant
(0.36 nm for diamond [369]). The host crystal of the defect centre (and the AFM
tip) will alter the fields which the defect probes. Hence, measuring the resolving
power of a probe in QEFLIM requires a test structure where the LDOS varies on
a length scale shorter than the expected resolution. No such sample is measured
here, however, a first upper bound can be estimated by looking at the cross-section
of a silver nanowire and comparing its actual size with its size in QEFLIM. In
order to make this number comparable with other near-field methods, the lower
quarter of the oscillation where the probe is closest to the sample surface is used
and no three-dimensional correction for topography is applied. Figure 9.8 shows the
feature size (full width half maximum, FWHM) of a wire scanned with QEFLIM. It
is approximately 110 nm. The lateral extension of the silver wire can be estimated
assuming that the silver wires have equal height and width to be 50 nm. This
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Figure 9.8.: Determining an upper bound for the spatial resolution. (a) shows a
lifetime image of a silver nanowire with a diameter of 50 nm. The area indicated
by the dotted rectangle is averaged to derive the plots (b) and (c). The scale bar
is 200 nm. (b) shows the averaged AFM height signal perpendicular to the silver
nanowire. It is inferred that the nanowire has indeed a diameter of approximately
50 nm. (c) is the corresponding lifetime signal. The 50 nm silver nanowire provides
a lifetime signal with a full width half maximum (FWHM) of 110 nm. (Figure from
[186])
means that an object of 50 nm is imaged as being 110 nm wide, corresponding to
an additional 30 nm on each side.
It has to be pointed out, that 30 nm is only an upper bound for the spatial
resolution of the microscope, since the LDOS at a wire decays on the same length
scale.
9.3.4. Prospects of QEFLIM
The experimental and theoretical analysis of the LDOS above has introduced QE-
FLIM as an ultimate limit of optical scanning probe microscopy. It showed that a
stable and fully characterisable point-like probe is mandatory to go hand-in-hand
with full ab-initio three-dimensional numerical simulation. By collecting the pho-
tons from a single emitter glued to an AFM tip and time tagging synchronised with
the cantilever position, lifetime data in all three dimensions can be acquired in
a single scan without topography artefacts. The obtained three-dimensional data
sets give detailed insight to the electromagnetic environment at the nanoscale with
sub-diffraction-limit resolution. Beyond mapping of the local density of optical
states, the vectorial role of emitter-field coupling is revealed as a crucial informa-
tion to characterise arbitrary nanophotonic and nanoplasmonic structures. Future
experiments may include, for example, measuring the modes of coupled nanoplas-
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monic structures, mapping photonic structures like photonic crystal cavities, and
identifying buried structures only via their effect on the LDOS. Combinations with
magnetic [126], electric [127], or temperature sensing [129] are possible enhance-
ments of the microscope. By adding a microwave setup, it is possible to access the
rich physics the spin of the NV centre provides (see Section 3.3) [89].
Also, in future experiments, the type of emitter can be changed to another defect
centre in nanodiamond, e.g., the SiV centre [231]. The, compared to NV centres,
narrow-band emission from SiV centres would make it possible to map narrow band
modes with a higher resolution. It is also possible to change the emitting system
completely. So far, with the NV centre, only an emitter emitting with an electric
dipole transition is used. Using emitters which decay predominantly via magnetic
dipole transitions like trivalent erbium, europium, or terbium, it is possible to access
the magnetic local density of states [370]. Probing the electric and magnetic LDOS
independently using different emitter would bring additional insight for designing
electromagnetic structures at the nanoscale.
Chapter Summary: Quantum Emitter Fluorescence Lifetime
Microscopy
In this chapter, the feasibility of a single solid-state emitter for measuring the local
density of optical states at the nanoscale was investigated. After theoretical pre-
considerations, in a first experiment, a single NV centre was repeatedly repositioned
at a bowtie nanoantenna and its excited state decay rate measured. This gives
information on the LDOS, but the technique is time consuming and the uncontrolled
orientation of the NV centre introduces errors. Hence, in a second experiment, a
scanning probe method for this measurement was developed. By mapping the
LDOS with a singe NV centre in nanodiamond glued to an AFM in tip in all three
spatial dimension, QEFLIM was established. This imaging method can be applied
to a variety of structures and valuable information, e.g., for optimisation hybrid
quantum systems, can be extracted.
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10. Summary and Outlook
Here, the contents and results of this thesis are reviewed chapter by chapter. After
this, an outlook on the continuation of the experiments and future prospects is
given.
10.1. Summary
Chapter 2 introduced basic aspects of single photon generation and detection.
In Chapter 3, one particular single photon emit-
ter – the NV centre in diamond – has been intro-
duced. This emitter is used throughout the experi-
ments shown in this thesis. In Chapter 3, one impor-
tant property of NV centres in nanodiamond is characterised: its ultra-fast spectral
diffusion. Typical rates of spectral jumps are found to lie in the microsecond range.
A linear dependence of the jump rate on the excitation power is found, what is
a strong indication that the excitation light is the main source of spectral diffu-
sion. By variation of the excitation light’s wavelength, a threshold at circa 2.3 eV
is found. Currently, the source of this threshold is unknown. The experiment on










yIn Chapter 4, after a review on microscopy,
techniques for collecting single photons from solid-
state single photon emitters were shown. Finite
difference time domain simulations were employed
to study a design for elliptical solid immersion lenses. These eSILs were found to
be able not only to collect much of the emitted light, as standard SILs do, but also
to direct the light into very small numerical apertures. For example, with a low nu-
merical aperture of only 0.3, 65% of the light emitted by a dipole can be collected.
Furthermore, with the technique of two-photon direct laser-writing, fabrication of
such SILs is feasible. Simulations and design of the eSILs is reported in [149].




In Chapter 5, the technique of atomic force mi-
croscopy was introduced. Its general working prin-
ciple and methods of nanomanipulation were shown.
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In detail, a newly developed pick-and-place method
was explained and demonstrated using nanodiamonds. The pick-and-place tech-
nique enables for controlled placing of nanoparticles at any position, as long as an
AFM can reach it. This technique, described in detail in Reference [91], forms the
basis of these publications: [114, 168, 228, 229, 232, 250].
In Chapter 6, the pick-and-place tech-
nique described in Chapter 5 was used in or-
der to build quantum hybrid systems with
NV centres in nanodiamond as optical emit-
ters. By placing a nanodiamond containing a single NV centre inside a photonic
crystal cavity, a resonant enhancement of the NV centre’s zero phonon line by a
factor of over 12 was achieved. This is a ground-breaking result for using of NV
centres in integrated quantum networks. Later, other groups employing different
approaches have achieved even higher values for the enhancement of a NV centre’s
zero phonon line [242]. In the second part of Chapter 6, a nanodiamond contain-
ing a single NV centre was coupled to the core of a photonic crystal fibre using
the pick-and-place technique. The resulting directly fibre coupled single photon
source possesses a very high collection efficiency (effective numerical aperture of
0.82) and is intrinsically stable without any need for alignment. Stable and effi-
cient single photon sources are another important ingredient for integrated quan-
tum networks. The experiments on the hybrid devises assembled here are reported
in [228, 229, 232].
In Chapter 7, another approach for the integra-
tion of nanodiamonds in hybrid systems was shown.
In contrast to the pick-and-place technique used in
Chapter 6, here a hybrid material was used. The
new hybrid material consists of a photoresist for two-photon direct laser-writing
combined with nanodiamonds. Using two-photon direct laser-writing, on-chip in-
tegrated quantum photonic circuits are build, which consist of three basic com-
ponents: quantum emitters, resonators, and waveguides. The functionality of the
concept has been proven by showing single photon emission from a NV centre inside
a whispering gallery mode resonator by measuring the statistics of the photons at
the output ports of a waveguide. Using a similar technique, but with pre-localised
nanodiamonds, parabolic antennas for enhanced single photon collection were fab-
ricated. These antennas redirect photons emitted from single NV centres to a very
small solid angle. Ultra-high photon rates of approximately two million counts per
seconds are achieved in this way. Structures created using the approach with a
hybrid material are shown in [177].
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Chapter 8 dealt with using surface plasmon
polaritons for the enhancement of light matter in-
teraction and routing of surface plasmon polari-
tons on the single particle level. After the theoretical introduction of surface plas-
mon polaritons, generation of single SPPs with a NV centre was shown. The NV
centre was coupled to a silver nanowire which served as SPP waveguide and emis-
sion of antibunched light at the ends of the wire was detected. This shows the
feasibility of creating single SPPs and working with them in controlled way. Using
nanomanipulation techniques, it is furthermore possible to adjust the waveguide
emitter coupling in a very controlled way. In the last part of Chapter 8, a dielectric
to plasmon coupler is designed and numerically investigated. Since guiding excita-
tions along tightly confined plasmonic waveguides is lossy, it is favourable to use
dielectric waveguides and coupled to plasmonic waveguides just when it is needed,
e.g., to couple to quantum emitters. Experiments and simulations shown here are
reported in [168, 232, 277].
In Chapter 9, single NV centres in nanodia-
monds were used as probes for the local density
of optical states at the nanoscale. In a first ex-
periment, plasmonic bowtie nanoantennas were
investigated by nanomanipulating the same single NV centre to different positions
and measuring its decay rate. Limitations to this experiment were that the tech-
nique is time consuming and that the orientation of the NV centre is uncontrolled,
since the nanodiamond can accidentally rotate on being manipulated. To overcome
these limitations, the technique of three-dimensional quantum emitter fluorescence
lifetime imaging microscopy (QEFLIM) has been developed. Here, a nanodiamond
containing a single NV centre was glued to the tip of an AFM cantilever and used
as a scanning probe. As a proof-of-principle experiment, the LDOS in the vicinity
of a silver nanowire was mapped and the results were compared to numerical calcu-
lations. The high degree of agreement between experiment and theory proves that
QEFLIM is a valuable new tool for quantitative measurements on the nanoscale.
Experiments on measuring the LDOS at the nanoscale using single emitters are
reported in [168, 186].
10.2. Outlook
On the basis of the results found and methods developed in this thesis, many
future experiments in various directions are possible. Here, three directions for
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Figure 10.8.: Two-photon quantum interference from a NV centre. (a) shows a
toy model for the source of spectral diffusion. Charges at the surface or inside
the crystal, e.g., at impurities, are fluctuating. (b) shows a setup to measure two
photon quantum interference from a single emitter (see Section 2.3). The stream of
photons is split into two paths of which one has a delay longer than the emitter’s
lifetime. (c) expected result under pulsed excitation. The dip at time difference
zero is due to quantum interference. It’s shape reveals the dynamics of spectral
diffusion. ((a) adapted from [82])
future experiments are highlighted. These directions are focussed on how to proceed
research with nanoscaleQuantum Emitters, the prospects of Quantum Hybrid
Devices, and the further development of Sensing and QEFLIM.
10.2.1. Quantum Emitters
In nearly all experiments presented in this thesis, the NV centre in nanodiamond is
used as an emitter. There are two main reasons for this: Firstly, as shown in Chap-
ter 3, NV centres are a highly valuable resource for quantum optics and secondly,
being abundant in most kinds of diamond, they are easily available. However, es-
pecially in nanodiamonds, their properties are degraded. One example for this is
the ultra-fast spectral diffusion measured in Section 3.6. At the measured rates
with more than one jump per detected photon, it is basically impossible to inter-
face two different NV centres. Currently, the exact mechanism of the ultra-fast
spectral diffusion is unknown, but for working with NV centres in nanodiamonds,
understanding it is mandatory. For this, measurements on different types of nan-
odiamonds with different sizes, impurity concentrations, and surface terminations
will be needed. A future experiment that could yield more information on spectral
diffusion is a measurement of two-photon quantum interference [32] from a single
NV centre (see Figure 10.8 and Section 2.3). Delayed photons from the centre are
sent to a beamsplitter together with non-delayed ones. The shape of the dip in the
correlation measurement will then contain the information. With improvements on
the NV centres in nanodiamonds, controlled quantum interference from different
centres will be possible. This, as already shown in bulk diamond, will enable for
many quantum optical experiments like entanglement [35] and teleportation [123],
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but with nanodiamonds, which are better suited for hybrid integration than bulk
diamond.
Besides improving NV centres in nanodiamond, other quantum emitters (see Sec-
tion 2.5) can be investigated as well, some of which are also available as nanoparti-
cles. All the techniques shown in this thesis have the potential to be applied to any
of them. This underlines the strength of the hybrid approach: parts can be easily
changed in order to always work with the best suited components. More work has
to be done in order to characterise these alternative emitters and to identify new
candidates for quantum technology.
10.2.2. Hybrid Quantum Devices
Hybrid devices can be built using the technology developed in this thesis. The
techniques developed are not limited to the devices shown in Chapters 6 and 7.
In fact, there are many more devices one can envision. Some of these hybrid
structures have already been built, such as a NV centre coupled efficiently to a
tapered fibre [114] or a NV centre in an all-fibre cavity leading to an enhancement
in photon emission by two orders of magnitude (see Figure 10.9 (a-c)) [250].
So far, the devices assembled only have one active emitter. For real applications
and even more interesting physics, this number has to be increased. Setting aside
the fact that current emitters have to be improved as discussed above, this will
enable for fabrication of scalable integrated quantum circuits. Generally, increasing
the number of emitters is not possible with random techniques like spin-coating or
drop-casting, since here the probability to have all emitters at the right place scales
in a very disadvantageous way. The pick-and-place approach as well as hybrid-
material approach can easily be adapted to multi-emitter devices. In the pick-and-
place technique, the process of placing a pre-characterised emitter just has to be
repeated multiple times. In the hybrid material approach, either the pre-localisation
technique as shown with the microantennas in Section 7.5.2 can be employed, or
an approach for the in-situ localisation of the emitters can be used. With the same
microscope as the laser-writing is performed, suitable emitters are searched in the
material and when enough emitters and their positions are known, the multi-emitter
structure is fabricated. In liquid photoresist, it may also be possible to trap the
emitters in optical tweezers [353] and arrange them before polymerisation. Two
possible structures which can be build are shown in Figure 10.9 (d) and (e).
Another ingredient in hybrid systems is plasmonics. In Section 8.2, interfacing a
NV centre in nanodiamond with a plasmonic silver nanowire has been shown, how-
ever, this is only the first step. Using plasmonic nanofocussing (see Section 8.1.8),
the coupling of emitters to guided modes can be greatly enhanced. Using the di-
electric to plasmonic couplers designed in Section 8.3, the SPPs can subsequently
be converted to photons and the other way round, the emitter can be excited very
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Figure 10.9.: Possible hybrid structures. (a) shows a micrograph of two fibres with
concave mirrors fabricated on their facets. The fibres are aligned in a way to form
a cavity. (b) shows one of the fibres facet, where a nanodiamond with a single NV
centre is placed. The corresponding confocal microscope image can be seen in (c).
This system allows for an enhancement of the NV centres transition in a controlled
way by two orders of magnitude [250]. Scalebars in (a-c) are 80 μm, 40 μm, and
4 μm, respectively. (d,e) show two envisioned devices which can be produced using
the hybrid material approach. (d) is a waveguide containing a Bragg grating and
(e) shows a device that combines the emission of several single emitters (red) into
efficiently into a multimode fibre (right). Such a device can be useful as an intensity
standard in metrology. ((a,b,c) adapted from [250])
efficiently. First experiments to achieve this are carried out using the plasmon to
dielectric coupler and dibenzoterrylene molecules.
10.2.3. Sensing and QEFLIM
With the technique of quantum emitter fluorescence lifetime imaging microscopy
shown in Chapter 9, a new method for imaging at the nanoscale was introduced
and its working principle confirmed. It is now straightforward to use this technique
to image other plasmonic and non-plasmonic structures in order to optimise their
design and fabrication processes. The technique can furthermore be used to search
for buried structures via their effect on the LDOS, what can lead to applications
for example in material science and biology. By performing QEFLIM measure-
ments, it will be possible to sense marker particles buried under or even inside cell
membranes.
Besides applying the technique directly, it is on one hand possible to extend the
sensitivity and distinguish the magnetic part of the LDOS from the electrical one.
This can be done easily by changing the emitter used for sensing from a NV centres
to quantum dots [371] or rare earth doped crystals [372].
QEFLIM is based on measuring the lifetime of an emitter, which is a quantity
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not used in other scanning probe methods. Therefore, QEFLIM can be combined
with those other methods in a straightforward way. The NV centre, which is used
in the presented implementation of QEFLIM, is known to be also a very good
sensor for many quantities such as magnetic [126] and electric [127] fields as well
as for temperature [129, 130]. The corresponding measurements are based on the
NV centre’s spin system (see Section 3.3) and can be read out simultaneously
with QEFLIM. In this way, a new valuable functionality can be added to existing
scanning probe microscopes.
In QEFLIM and other scanning probe techniques using quantum emitters, one
problem is how to collect the photons. If the sample of interest is opaque, col-
lection with an oil-immersion objective as in Chapter 9 is not possible. Usually,
in this case photons are collected from the side. Due to these geometrical restric-
tions, only small numerical aperture optics can be used which drastically reduces
the amount of photons collected. One way to circumvent this problem is provided
by the directly fibre coupled single photon source introduced in Section 6.2. The
emitter sitting at the very end of the fibre can be used as sensor and the photons
carrying the information are directly collected. Recently, for magnetic sensing, a
first implementation of this technique was reported using a large core multi-mode
fibre and a bulk diamond crystal containing many NV centres [373]. Getting this
to the single emitter level will enable for more controlled experiments, ultimately




A. List of Equipment Used in the
Experiments
Here, a list of the important equipment and materials used in the different experi-
ments is given. Many of the experiments were carried out on similar experimental
setups or different versions of the same setup, so there is a large overlap. Note that
in order to keep its size reasonable, this list does not contain standard items, e.g.
cameras for imaging or the brand of standard AFM cantilevers used. If not stated
otherwise, in all experiments where the following items are used, they are:
sample scanner: PXY 80 D12, piezosystem jena
z-axis piezo-actuator: MIPOS 100, piezosystem jena
grating spectrometer: SpectraPro-500i, Acton
or very similar: SpectraPro-2500i, Acton
spectrometer camera: iDus, Andor
or very similar: LN/CCD 1340/100 F, Roper Scientific
avalanche photodiodes: SPCM-AQR-14, Perkin Elmer
or very similar: SPCM-AQRH-14, Perkin Elmer
correlation electronics: TimeHarp 200, PicoQuant
Picoharp 300, PicoQuant
multi-function data acquisition: PCI-6014, National Instruments
atomic force microscope: NanoWizard, JPK Instruments
nanodiamonds: MSY 0.05 GAF, Microdiamant AG
A.1. Equipment in Section 3.6.2
For the measurement of the ultra-fast spectral diffusion in nanodiamonds the fol-
lowing is used:
157
A. List of Equipment Used in the Experiments
beam scanner: Scanning Lenses
excitation laser: LDH-P-FA-530, PicoQuant
SuperK, Koheras
microscope objective: 100X Plan Apo HR, Mitutoyo
cryostat: Konti Micro , Cryovac
avalanche photodiodes: Count, Laser Components
nanodiamonds: type Ib, provided by J. Wrachtrupp and F. Jelezko
solid immersion lenses ZnO half sphere, Mikrop
A.2. Equipment in Section 5.3
The pick-and-place process for nanodiamonds is demonstrated using the following:
sample scanners: PXY 80 D12, piezosystem jena
PXY100 ID, piezosystem jena
microscope objectives: UPlanSApo 60XO, Olympus
PlanApo 60XO, Olympus
excitation laser: LDH-P-FA-530, PicoQuant
avalanche photodiodes: PDM Series, Micro Photon Devices
SPCM-AQR-14, Perkin Elmer
AFM cantilevers: Au or Pt/Ti coated, MicroMash
A.3. Equipment in Section 6.1
The zero phonon line enhancement of a nanodiamond in a photonic crystal cavity
is done using:
microscope objective: NA=0.9 M=100x, NIKON
A.4. Equipment in Section 6.2
The fibre integrated diamond based single photon source is built and characterized
using:
microscope objectives: NA=0.9 M=100x, NIKON
excitation laser: Verdi V10 Coherent
LDH-P-FA-530, PicoQuant
photonic crystal fibre: NL-1.5-590, NKT Photonics
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A.5. Equipment in Section 7.4
A.5. Equipment in Section 7.4
The experiment on laser written microstructures from a hybrid material uses:
sample scanner: PXY 80 D12, piezosystem jena
laser scanner: PXY100 ID, piezosystem jena
microscope objective: UPlanSApo 60XO, Olympus
NA=0.95 M=150x, Olympus
NA=0.8 M=100x NIR, Olympus
excitation laser: LDH-P-FA-530, PicoQuant
GL532, SLOC Lasers
tunable laser: Tunalbe Diode Laser 6312, Velocity
A.6. Equipment in Section 7.5
The items used for the experiment on the parabolic micro mirrors are:
microscope objectives: UPlanSApo 60XO, Olympus
excitation laser: GL532, SLOC Lasers
camera (back focal plane): iXon, Andor
A.7. Equipment in Section 8.2
Single propagation surface plasmon polaritons on silver wires are measured and
generated using:
microscope objective: UPlanSApo 60XO, Olympus
excitation laser: Verdi V10 Coherent
avalanche photodiodes: PDM Series, Micro Photon Devices
silver wires: provided by Plasma Chem
A.8. Equipment in Section 9.2
The following is used for probing the LDOS with a nanodiamond:
microscope objective: UPlanSApo 60XO, Olympus
excitation laser: LDH-P-FA-530, PicoQuant
avalanche photodiodes: PDM Series, Micro Photon Devices
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A.9. Equipment in Section 9.3
The experiment on quantum emitter fluorescence lifetime imaging uses the follow-
ing:
microscope objective: UPlanSApo 60XO, Olympus
glue: poly-L-lysine
silver wires: 50 nm nominal diameter, Plasma Chem
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B. Derivation of the Macroscopic
Maxwell’s Equations
A consistent derivation of the macroscopic Maxwell equations starting from the
microscopic ones is given here. The microscopic Maxwell equations are given by [23]:
∇ ·E = ρm/ε0, (B.1)








with the electric field E, magnetic field B, microscopic charge density ρm, micro-
scopic electric current Jm, permittivity of vacuum ε0, permeability of vacuum µ0,





To get the macroscopic Maxwell equations, a relationship between the micro-
scopic quantities ρm and Jm and their macroscopic counterparts, ρ and J, has to
be established. Also two new fields, the electric displacement field D and the H-
field H are defined, which account for polarisation P and magnetisation M in the
following way:
D = ε0E + P, (B.5)
B = µ0H + µ0M. (B.6)
Combining B.5 with B.1 and B.6 with B.4 yields:
∇ ·D =
∑







It now would be convenient if parts of the sums over the microscopic quantities
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cancel against the divergence term in B.7 and the rotation term in B.8. The relation
linking σ and J is the continuity equation [209]:
∂ρ
∂t
+∇ ·J = 0. (B.9)
The sum over the microscopic currents is now split in three parts:∑
Jm = J1 + J2 + J3, (B.10)
of which the third one J3 is required to cancel out the rotation of the magnetization:
J3 = ∇×M. (B.11)
By looking at the continuity equation B.9 one can find that this term is not con-
nected to a change of the charge ρ, since the divergence of a rotation is zero. The
divergence term in Equation B.7 can be eliminated in similar manner. The sum
over the microscopic charges is split in two parts:∑
ρm = ρ1 + ρ2, (B.12)
of which the second part can be chosen to cancel out the divergence of the polar-
ization:
ρ2 = ε0∇ ·P. (B.13)






= ∇ ·J′ = ∇ ·J2. (B.14)





After this, the macroscopic Maxwell equations take the following, well known, form:
∇ ·D = ρ, (B.16)





∇×H = J + ∂D
∂t
. (B.19)
Note that this form was reached starting from the microscopic equations just by
performing two at first arbitrary divisions of microscopic currents (equation B.10)
and charges (Equation B.12), which later were used to cancel out specific terms
mathematically in a convenient way. Nevertheless, the different terms of this di-
vision can be interpreted physically meaningful. ρ1 and J1 correspond to charges
and currents not absorbed in the transition from the microscopic to macroscopic
equations, i.e., free charges and currents, not bound to any material property. The
charges ρ2 are the sources of polarization while the currents J2 are currents asso-
ciated with polarization changes. Finally, the currents J3 represent eddy currents,
they do not give rise to a charge transfer but are responsible for magnetization.
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C. Finite Difference Time Domain
Calculations
Maxwell’s equations (Equations 8.1-8.4) are only analytically solvable in special
cases. Therefore, different numerical techniques have been established. Here, the
finite difference time domain (FDTD) [374] method, which is used in Sections 6.1,
6.2 and 8.3, is introduced.




∇×H = J + ∂D
∂t
, (C.2)








where F is a function (a field component of E- or H-field) and ξ is a variable (either
t for time derivatives or x, y, z in for derivatives in Cartesian space). The resulting
set of equations is evaluated for finite time steps ∆t = tn , where t is time and n is
the step number.
To evaluate the resulting equations, grids in space and time need to be defined.
Usually, electric and magnetic field are stored at different locations and times.
Ideally, the chosen geometry should take into account the form of the curl Maxwell’s
equations. The most common implementation is the so called Yee cell [375] for the
spatial coordinates and a leap frog scheme for the time domain (see Figure C.1).
One advantages of FDTD algorithms is that they are conceptually simple, since
they directly discretise Maxwell’s equations. They directly calculate the time evo-
lution of a given problem and are therefore very useful when interested in the time
evolution of fields. Their mesh can be applied to any geometry, but with the risk of
staircasing effects due to the cubic mesh cells used in FDTD (see Figure C.1 (a)).
One disadvantage here is that the mesh can not be adapted to the geometry, so
much computation power is used to calculate the fields in regions, where not much
is happening.
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Figure C.1.: Yee cell and leap frog algorithm. (a) shows the Yee cell. Different
components of electric and magnetic field are calculated at different positions in
order to map the mathematical structure of Maxwell’s equations. This is shown in
(b), where it can be seen that the magnetic field Hy is generated by the adjacent
electric field components Ex and Ez. (c) shows the leap frog style propagation of
the fields in time. The E-(H)-fields at t + 1 are calculated using the E-(H)-fields
at time t and the H-(E)-fields at time t+ 12 . (Panel (a) adapted from [376])
Alternatives to FDTD where the mesh can be chosen according to the actual
geometry are algorithms using the finite element method (FEM) [327], or discon-
tinuous Galerkin time-domain (DGTD) [366, 367] methods.
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D. Background Correction Applied in
Section 7.4.3
When performing a background correction on antibunching curves, it is very im-
portant to be careful to not adulterate the data. Here, e a short derivation of the
background correction used for the antibunching in Figure 7.8 is given.
In the case of continuous excitation of an emitter with intensity < na >= a,
second order correlation functions g(2)a , and the quantum mechanically uncorrelated
background of the intensity < nb >= b with g
(2)
b = 1, the joint second order






a + b2 + 2ab
(a+ b)2 . (D.1)
By knowing the intensities a and b one can calculate the g(2)a function of the bare
emitter a from a measurement of the joint correlation function g(2)ab .
In case of pulsed excitation, this background correction is more complicated,
since the emission of emitter and background are correlated by the excitation laser.
This problem can be avoided by only looking at time intervals corresponding to one
laser period. In the analysis of an experiment’s g(2)-data acquired with a Hanbury
Brown and Twiss setup, this can be achieved by binning together all events in the
time windows Tmax
min
= n∆T ± ∆T2 , with the laser repetition time ∆T (= 25 ns in
this experiment) and n being an integer.
Figure D.1 (a) and (b) show the normalised coincidence counts measured with
pulsed excitation at the location of a NV centre at the resonator’s rim (in (a)) and at
a location without a NV centre next to it also on the rim (in (b)), respectively. Thus
the data in Figure D.1 (a) corresponds to coincidences from signal and background
whereas Figure D.1 (b) represents the background coincidences only. Binning to
intervals of 1.28 ns is performed for better visibility. Normalisation is done by
averaging for long times (>1.3 µs over 256 periods), where contributions from the
NV centre’s bunching behaviour are negligible. Also, the photons missed in an
HBT like start-stop configuration are taken into account. A comparison of the
background photons rate with the intensity of the combined signal gave a = 13
and b = 23 , equivalent to a background to signal ratio of 2. Figure D.1 (c) shows
the resulting corrected g(2)(τ) function, with bins sizes corresponding to the laser
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Figure D.1.: Data used for the background correction. (a) and (b) are normalised
coincidence counts measured with pulsed excitation at the location of a NV centre
at the resonator’s rim (in (a)) and at a location without a NV centre next to it
also on the rim (in (b)), respectively. Both are normalised to an average of one at
long times >1.3 µs over 256 periods). A binsize of 1.28 ns is used. The dotted lines
show the bins, which are used to obtain (c). (c) shows the resulting antibunching
with a g(2)(0) = −0.18± 0.21. (Figure source: [177])
repetition time.
For zero time delay g(2)(0) = −0.18. The error bar for this value stems from
three contributions, with the main contribution originating from the uncertainties
in the ratio ba , which we assumed to be 10 % (
b
a = 2.0 ± 0.2). This error is due
to the fact that background and signal were measured at neighbouring positions
on the resonator’s rim, but not at the same one. The other two contributions are
the statistical variations in the photon number for the zero time delay bin, which
were both assumed to be Possonian (∆(a) = 0.01 and ∆(b) = 0.07). This results
in an error of ∆(g(2)(0)) = 0.21 after adding the contributions via Gaussian error
propagation.
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E. Dipole Approximation of a QEFLIM
Probe
In QEFLIM (see Section 9.3), information on the LDOS is obtained by measuring
the lifetime of an emitter at different positions in a scanning fashion. To enable for
this scanning, the emitter is glued to the blunted tip of an atomic force microscope
(see Section 5). For a quantitative and reliable measurement, it is important to
know the influence the tip has on the emitter. In the following, it is shown for the
case of a single NV centre as probe, that a probe consisting of emitter and tip can
be viewed as an effective emitter. For this, the analytical theory for an emitter
over a dielectric interface [185, 338] is compared with discontinuous Galerkin time-
domain calculations [366, 367]. More details on the simulations can be found in the
supplementary information of [186].
When working with NV centres in nanodiamonds (see Section 3.4), the quan-
tum yield of the emitter is not unity and can vary widely [109]. For this reason,
Equation 9.15 has to be modified taking into account the quantum yield [185]:
γi
γ0
= 1 +QY · F 1
ω3
Im[d∗i ·Es(r0)], (E.1)
with the emitter’s quantum yield QY = γr,0γr,0+γnr,0 , the emitter’s dipole di, its fre-
quency ω, its decay rate γi, and its free space decay rate γ0. The factor F is used







which links the decay rates of the emitter with the dissipated energy P and the
free space dissipated energy P0. Since a NV centre has two transition dipoles (see
Section 3), both transition rates have to be added. This is done assuming incoherent
coupling:
γ = γ1 + γ2. (E.3)
To model the spectral properties of the NV centre, its room temperature spectrum
(see Figure 3.2 (c)) is approximated by a Gaussian with a central wavelength of
λ0 = 700 nm and a width of σ = 50 nm.
In the numerical calculations, the tip is modelled as a truncated cone with an
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Figure E.1.: Comparison of analytical and numerical calculation. (a) shows the
geometry used in the DGTD calculations performed in order to show that the probe
can be approximated by an effective emitter for the symmetric case. The distance
of the probe to the substrate (refractive index n ≈ 1.5) is varied. In the asymmetric
case, the emitter at the tip is offset to one side by a distance of 30 nm. The results
are show in (b) and (c) as dots for the symmetric and asymmetric case, respectively.
The black lines are fits to the analytical theory without the tip present. The good
agreement indicates that the probe can be approximated by an effective emitter.
Scalebar in (a) is 500 nm. (Figure adapted from: [186])
aperture angle of 17.65◦. It has a radius of 50 nm at the height where it is truncated
and its length in the calculations is 800 nm. A sketches of tip and dipole used in
the numerical calculations carried out to show that the probe can be approximated
by an effective emitter is shown in Figure E.1 (a).
In order to describe the tip and NV centre as an effective emitter, an effective
quantum yield QYeff and an effective orientation are introduced. For this, the total
decay rate is written as:
γi = γnr + γr,0 + γTip−Sample, (E.4)
with the non-radiative decay rate γnr, the uncoupled radiative decay rate γr,0, and
the additional decay due to tip-sample interaction γTip−Sample. It is further assumes
that the non-radiative decay rate γnr is independent on the interaction with the
environment γnr = γnr,0 and that γTip−Sample can be written as γTip−Sample =
γTip + γSample, neglecting coupling of the contributions due to coupling of tip and
sample.
Inserting this into Equation E.1 and adding contributions of two dipoles leads to
















This equation relates the decay rate γ to the effective decay rate of the probe




+ 1QYeff,2 and the factor Td1,d2 , which compensates for different
coupling strengths of the two dipoles to the tip, the probe can be described as an
effective probe. The factor Td1,d2 is defined via [186]:
γ0,eff = 2 · (γr,0 + γnr,0) + γTip,d1 + γTip,d2 ≡ Td1,d2γr,0. (E.6)
The possibility to describe the probe in QEFLIM as an effective probe greatly
simplifies the computations needed to describe the experiments. For the numerical
calculations in Figures 9.6 and 9.7, the probe consisting of AFM tip and NV centre







AFM atomic force microscope
APD avalanche photodiode
BASD bead assisted sonic disintegration
cf. confer
cts counts
CCD charge coupled device
DGTD discontinuous Galerkin time-domain
DLW direct laser-writing
EELS electron energy loss spectroscopy
e.g. exempli gratia (for example)
EMCCD electron multiplying CCD
et al. et alii (and others)
etc. et cetera (and so forth)
eSIL elliptical SIL
i.e. id est (that is)
fcc face centred cubic
FDTD finite difference time domain
FEM finite elements method
FLIM fluorescence lifetime imaging microscopy
FWHM full width half maximum




LDOS local density of optical states
LOQC linear optics quantum computing
NA numerical aperture
NV centre nitrogen vacancy centre
ODMR optically detected magnetic resonance
PETTA pentaerythritol tetraacrylate





PSF point spread function
PVA polyvinyl alcohol
Q factor quality factor
qbit quantum bit
QEFLIM quantum emitter fluorescence lifetime imaging microscopy
RWA rotating wave approximation
SEM scanning electron microscope
SIL solid immersion lens
SiV centre silicon vacancy centre
SPP surface plasmon polariton
TCSPC time correlated single photon counting
TE transverse electric
TM transverse magnetic
TTTCSPC time tagged TCSPC
TTTR time tagged time resolved
WGM whispering gallery mode
ZPL zero phonon line
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